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PREFACE TO FIFTH EDITION 


Epoch-making developments in the production of power are 
apparent in the recent and general application of very large 
steam turbines. The remarkable economy of large turbines, 
compared with all other prime movers using steam, is causing 
the replacement of small engines by larger and larger turbines. 
Concentration in power plants of tremendous capacity of these 
large units is revolutionizing industry. Unlimited use of elec- 
tricity seems to be a certainty of the near future, which must be 
obtained largely from huge central power stations operated with 
very large steam boilers and turbines with their direct-connected 
electrical generators. With this development of steam power 
stations, the so-called “ isolated ” steam plants can only be justi- 
fied when practically all the exhaust steam can be used during a 
considerable part of the year for heating purposes. 

Steam turbine units to generate 70,000 kilowatts are now a 
reality, with an economy of only a little more than ten pounds of 
steam per kilowatt-hour. Twenty years ago the best American 
power plants could, under the most favorable conditions, do no 
better than develop a kilowatt-hour from three pounds of coal. 
Today it is easily possible to produce the same power from half 
the amount of coal. These are matters of great significance to 
industry. 

In many steam power plants hundreds of pounds of steam ex- 
hausted from the auxiliaries at atmospheric pressure in excess of 
that required in the heaters for heating the feed is lost through 
the exhaust-heads. Modern methods of turbine application 
would save and utilize this steam for power. In the most mod- 
ern practice, therefore, the greatest skill of the engineer is called 
upon more in connection with the methods of applying the com- 


mercial types of turbines already developed rather than in the 
iii 


iv PREFACE 


actual designing of new types of machines. In steam engine 
designing there have been always unlimited possibilities; in 
modern steam turbine designing these are few. 

In the revisions for the fourth and fifth editions, I am par- 
ticularly indebted to Professor J. E. Emswiler, University of 
Michigan; Professor T. H. Taft, Massachusetts Institute of 
Technology; Professor R. L. Daugherty, California Institute of 
Technology; Professor A. G. Christie, Johns Hopkins University; 
Professor J. G. Callan, University of Wisconsin; Professor E. A. 
Fessenden, Rensselaer Polytechnic Institute; Professor A. J. 
Wood, Pennsylvania State College; and Mr. M. Nusim, Inger- 
soll-Rand Company. 

Acknowledgment should be made of important criticisms and 
suggestions received from Professor H. N. Davis, Harvard 
University; Professor J. B. Ludy, Purdue University; Professor 
W. E. Brooks, University of Minnesota; Professor L. C. Loewen- 
stein, New York City; Mr. R. T. Kent, New York City; Pro- 
fessor J. J. Eames, Massachusetts Institute of Technology; 
Professor J. P. Calderwood, Kansas State College; Professor 
R. U. Fittz, Tufts College; and Mr. J. F. Wostrel, Massachusetts 
Department of University Extension. 

Special mention should be made of the assistance, especially 
in the revision of Chapter XV, of Mr. Earl Bartholomew, in- 
structor in Harvard University. 

Papers prepared by Messrs. H. T. Herr, Vice President and 
General Manager of the Westinghouse Electric and Manufac- 
turing Company; W. L. R. Emmet and Frank V. Smith, Con- 
sulting Engineers of the General Electric Company; and H. G. 
Stott, Superintendent of Motive Power, Interborough Rapid 
Transit Company of New York, have been freely consulted. 

In these revisions, additions have been made to the exercises 
for classes in the Appendix. The author will be glad to answer 
any inquiries from instructors in regard to these exercises. 


THE AUTHOR. 


State Houser, Boston, Mass. 
July, 1924 


PREFACE TO FIRST EDITION. 


THE object of this book is to give in a small volume what I 
believe, as the result of years of practical experience, engineers 
and students of engineering want to know about steam turbines. 
It is intended that it shall be a manual for the practical engineer 
who is designing, operating, or manufacturing steam turbines 
rather than a compilation of manufacturers’ catalogs combined 
with a digest of standard books on thermodynamics and 
mechanics. 

In a general way the author has tried to explain briefly and 
directly some of the more important problems about which the 
qualified steam engineer must have some knowledge. When this 
book was first planned it was intended primarily for the use of the 
author’s assistants in the experimental and testing departments 
of one of the large manufacturing companies, but later it seemed 
that it might be useful in a larger field. 

The order in developing the subject is the reverse of that adopted 
by most authors. Instead of discussing the intricacies of blading 
in the beginning of the book, the more simple problems of nozzle 
design are presented first. A great deal more is now known about 
nozzles than there was even very few years ago, and many of the 
conditions affecting the efficiency of nozzles may now be considered 
well established. Nozzles are also becoming a more important 
part of all types of turbines. Even the Parsons turbine is now 
being modified in America and England so that in many of the 
latest designs for large sizes, nozzles are used in the high-pressure 
stages. It is coming to be generally recognized that in the future 
there will probably be no large installations of reciprocating 
engines for electric services. A few years ago this might have- 
been considered a bold statement, but it is a fact which is now 
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generally, although reluctantly, admitted by manufacturers of 
reciprocating engines. 

The entropy-total heat chart in the back of the book is laid out 
with lines of constant superheat instead of lines of constant tem- 
perature which have been generally used for charts of this kind. 
For practical engineering work it is very desirable to have lines 
of constant superheat on such charts, because in America and 
England guarantees of steam consumption are usually given in 
degrees of superheat rather than of temperature. When charts 
made with constant-temperature lines are used, it is always neces- 
sary to calculate the temperature before the chart can be used. 

Most of the graduates ofiour American technical schools are 
entirely “at sea’? with the simplest heat calculations, and one of 
the reasons for this deficiency is that most of the books on steam 
engines — and especially those on the steam turbine — are more 
devoted to giving a large quantity of facts than to fulfilling a useful 
purpose. Practical engineers who have had to deal with large 
numbers of men with an engineering training agree most candidly 
with Dr. Steinmetz when he says in substance that it seems to cause 
no concern in some of our large technical schools that the graduates 
are sent out loaded with a mass of half-understood and undigested 
subjects, while they are deficient both in the understanding of the 
fundamental principles and in the ability to think. If this volume 
can serve the purpose of encouraging students to think it will 
have accomplished one of its principal purposes, not losing sight 
of the fact that the book is intended primarily to show how to 
do things. 

Nearly all the proof-reading has been done by Professor John F. 
Pelly of Philadelphia. Because of Professor Pelly’s thoroughly 
practical as well as theoretical knowledge of the subject matter, his 
conscientious and painstaking work is very greatly appreciated. 

I take this opportunity to thank Professor Ira N. Hollis and 
Professor F. Lowell Kennedy of Cambridge for the criticisms and 
suggestions which I received from them when the manuscript of 
this book was preparing. I am also greatly indebted to Mr. Walter 
C. Kerr, president, and Mr. Sidney E. Junkins, vice-president of 


PREFACE vit 


Westinghouse, Church, Kerr & Company, for their encouragement 
and for making it possible to finish the book at this time. 

For placing at my disposal a great deal of information regarding 
the latest results in steam turbine engineering, which is usually 
very difficult to obtain, I am particularly indebted to Mr. Richard 
H. Rice of Lynn, and Mr. J. R. Bibbins of Pittsburg. 

I wish to thank Professor Arthur M. Greene of Troy and 
Mr. Albert Stritmatter of Cincinnati for suggestions relating to the 
subject matter. For various services in the preparation of this 
book, I should mention also Messrs. Francis Hodgkinson and 
Harold P. Childs of the Westinghouse Machine Company; C. P. 
Crissey, S. A. Moss, and W. E. Culbertson of the General Electric 
Company; C. P. Chasteney of the De Laval Steam Turbine 
Company; James Wilkinson, president of the Wilkinson Turbine 
Company; St. John Chilton of the Allis-Chalmers Company; H. H. 
Wait of the Western Electric Company; Carl S. Dow of the B. F. 
Sturtevant Company; and J. Clarence Moyer of Philadelphia. 

Many of the illustrations for the book have been provided, in 
some cases at considerable expense to themselves, by the Cassier 
Magazine Company, Westinghouse Machine Company, General 
Electric Company, De Laval Steam Turbine Company, Rateau 
Turbine Company, Kerr Turbine Company, Wilkinson Turbine 
Company, Allis-Chalmers Company, C. H. Parsons & Co., and 
Brown, Boveri & Co. 

Throughout the text important words and sentences are brought 
out by the use of bold-faced type, thus making the subjects of a 
paragraph visible at a glance. 

The author is always glad to answer correspondence with 
teachers relating to questions which inevitably arise in the discussion 
of designs for steam turbines, all of which cannot, of course, be 


taken up in detail in any book. 
JAMES AMBROSE MOYER. 


New York Criry, 
Seplember, 1908. 
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THE STEAM TURBINE 


CHAPTERS I. 
INTRODUCTION 


THE steam turbine is the most modern as well as the most 
ancient steam motor. Recently its development has gone by 
leaps and bounds; and, above all, in its applications it is gaining 
ground daily. It has become the most important prime mover. 

During recent years results have been secured with steam 
turbines that only a short time ago were considered practically 
unattainable. Primarily their great success lies in their adap- 
tability to operation with conditions of vacuum,* superheat, and 
pressure much beyond the limits of steam engine practice. As 
regards steam turbines, the limits as to these conditions rest 
with what is commercially practicable to get from the vacuum 
apparatus and boilers. Today in the economical use of steam 
they are unrivaled; and, because of improved manufacturing 
methods, first cost is no longer a deciding factor favoring recip- 
rocating engines. 

Compared with reciprocating steam and gas engines, steam 
turbines require much smaller and cheaper foundations, occupy 
less floor space, require fewer attendants, and because no lubrica- 
tion is required for any parts in contact with the steam, the con- 
densation becomes directly available for feed water. The highest 
superheats can be employed without affecting the choice of lubri- 
cants, and the cost of oil for lubrication is very low. 

A steam turbine of the simplest type is essentially a wheel 
similar to an ordinary water wheel, which is moved around by 
a steam jet impinging on its blades. Steam is directed against 
the turbine wheel by nozzles or similar passages delivering the 


* The most profitable vacuum superheat and pressure for given conditions are 


discussed in Chapter XIV. 
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Fic. 1. A Small Modern Steam Turbine with Part of the Casing Removed. 


steam at mathematically exact angles, calculated to make the 


steam strike the blades of the wheel most advanta 


geously. 


ne with a part 


Fig. 1 is an illustration of a modern steam turbi 
of the casing removed to show the construction. 


The turbine 
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wheel W is shown here with numerous blades on its circumference. 
The steam comes to the turbine from the boilers through a suitable 
steam main connected to the top of the turbine at M and passes 
down through the pipe A to the steam-chest B. From this steam- 


Fic, 2. The Turbine Wheel and Nozzles. 


chest it is guided through one or more nozzles, from which it 
escapes at a high velocity to impinge on the blades on the circum- 
ference of the turbine wheel, which is thus made to rotate, and 
performs work by moving machinery connected to the shaft. 
Nozzles from which the steam is discharged are located around 
the periphery of the wheel as shown in Fig. 2 with their enlarged 
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ends, technically called mouths, very close to the blades.* Steam 
after passing through the blades enters the exhaust pipe at E 
(Fig. 1) and is discharged into the atmosphere or into a condenser, 
depending on whether the operation is non-condensing or con- 
densing. 

Preliminary to the study of the modern commercial types of 
steam turbines it is desirable to state briefly some of the most 
important stages through which this very ancient form of steam 
motor has passed in its development. 

Early History. The earliest notices of heat engines of any 
kind are found in a book by Hero of Alexandria, which was 
probably written in the second century before Christ. In this 
book of mechanical contrivances a steam reaction wheel is men- 
tioned. This first steam turbine is shown 
in Fig. 3. It is described as consisting 
of a hollow spherical vessel pivoted 
on a central axis and supplied with 
steam through the support M and one 
of the pivots from a boiler, B, beneath. 
Steam escaped from the vessel through 
bent pipes or nozzles N, N, facing tan- 
gentially in opposite directions. The 
, spherical vessel was revolved by the re- 
action due to the escaping steam, just as 
_a “ Barker’s mill’ is moved by the water 


Fic. 3. Hero's Turbine, €Scapingfromits arms. Any fluid escap- 
ing under pressure from a vessel which 

is free to move causes a “‘reaction”’ tending to displace the vessel 
in the opposite direction from the flow of the fluid. This reaction, 
although imperfectly understood by Hero, was perfectly applied 
in his steam turbine which was used to open the doors of 
temples. Only a few years ago a model of Hero’s engine was 
constructed by a celebrated English engineer,t with, of course, 
* In this figure one of the nozzles is represented as if transparent to show its 
shape on the inside, and a part of the steel band around the blades is cut away tc 


show the shape of the blades or vanes, as well as to illustrate the passage of steam 
from the nozzle into and through the blades. 


{ See page 8. 
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all the advantages of modern machine tools and appliances, 
with the result that an engine was produced which, in economy, 
compared well with our elaborate and complicated modern 
engines. 

In 1577 a German mechanician, it is said, used a turbine simi- 
lar to Hero’s to rotate reaming and burnishing tools, but from 
the time of Hero down to the seventeenth century there is no 
record of progress in the development of steam heat engines. In 
1629 Branca, an Italian architect, designed a steam turbine 
(Fig. 4) resembling a water wheel, which was driven by the 
impulse from a jet of steam directed by means of a nozzle upon 
suitable vanes attached to the 
wheel. Branca’s turbine en- 
gine, however, was not success- 
ful; and until the end of the , 
nineteenth century, although in * 
the interval many steam tur- § 
bines and other rotary engines = 
were patented, the piston or —— 
reciprocating steam engine, Fic. 4. Branca’s Turbine. 
under the leadership of Watt, 
had, commercially, an unrestricted field and remarkable results 
were accomplished. 

It is interesting to observe that the modern type of impulse 
turbine with a single row of blades like the one illustrated in 
Fig. 1 is practically the same, except for details, as the historic 
Branca’s wheel. The principal difference is that Branca’s wheel 
was not enclosed in a casing. Essential parts — the nozzle, 
the blades, the wheel, and the shaft — were practically the same 
as in some modern machines. Probably if Branca had under- 
stood the laws of the expansion of steam as we do to-day, he could 
have made a successful prime mover of his turbine. ‘Those who 
came after him were aided not only by a superior knowledge 
but also by the opportunities for scientific investigation and the 
skill of our present-day workshops. 

De Laval Type. Dr. Gustaf De Laval, a Swedish scientist, was 
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a pioneer in the modern commercial development of steam tur- 
bines. In 1882 he constructed his first steam turbine, which was 
similar in principle to Hero’s reaction engine. De Laval’s first 
turbine was designed primarily for driving his milk and cream 
separators, for which there was then a large sale. For other 
purposes, however, there was no general application, because at 
the very high speeds for which his turbine was designed, it was 
difficult to utilize the power; and besides, the steam consumption 
made it practically prohibitive. ~ 

Later De Laval turned his attention to the development of 
Branca’s steam turbine, and was remarkably successful. After 
much experimenting, he developed an impulse turbine which is 
still one of the standard makes. (See Figs. 82 to 86.) This 
great engineer, after investigating the possibilities of both Hero’s 
and Branca’s types and having decided to adopt the latter, began 
then some strikingly original inventive work, which, in many 
respects, led the way for the accomplishments of to-day. 

It should be stated, however, in this connection, that no engineer 
thinks of belittling De Laval’s work because his investigations 
were mostly in the line of improvements to existing types. Un- 
questionably he must have the credit for producing the first 
commercially successful steam turbine.. Many of the features of 
his original designs have actually contributed in no small meas- 
ure to our knowledge of machine design and thermodynamics, 
and have become fundamental principles underlying many of the 
most important modern steam turbine developments.* 

Parsons Type. With the early work of De Laval, however, 
the development of steam turbines designed to operate by the 
reaction principle of Hero’s engine was not given up. Almost 
contemporaneously with De Laval, C. A. Parsons in England 
began the development of the well-known type which to-day bears 
his name, and which has made possible the brilliant records of 
turbine ocean steamers. In April, 1884, this great inventor took 

* The most important feature introduced by De Laval is that of the diverging 


nozzle (British Patent No. 7143 of 1889), the principle of which has influenced 
the development of practically all types of steam turbines. 
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out his first patents on steam turbines. The practicability of the 
steam turbine he then proposed is a striking feature of even his 
first patents. His specifications showed, above all, that a great 
deal of time and thought had been devoted to constructive details. 
Methods for reducing vibration, preventing leakage of steam, and 
providing for efficient lubrication contributed very largely to his 
success. Many of the details of this early turbine are now obso- 
lete, so that only a very short description will be given here. A 
section drawing of Parsons’ first turbine is shown in Fig. 5. A 
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Fic. 5. Early Parsons Steam Turbine, 


large central collar, C, is attached to the main shaft, $, which runs 
the length of the turbine. At the ends of the casing where the 
shaft passes through it the cross-section is reduced. The main 
shaft, S, supports a large number of rings which are held in place 
between the collar, C, and the nuts, N, which are screwed on the 
reduced section of the shaft at the ends. These rings, around 
their circumferences, support those turbine blades (b, b) which 
move with the shaft. There are, however, alternating with them, 
other rows of blades (c, c) attached to the inside of the turbine 
casing. Technically the blades b, b are called moving blades, 
and c, c are called fixed or stationary blades. Steam is admitted 
to the turbine blades through the annular chamber, A, encircling 
the collar, C, and then it passes to the right and left through the 
alternate rows of stationary and moving blades to the exhaust 
passages E, E— one at each end of the turbine. The steam 
expands in the blades as in a nozzle, and the reaction of the steam 
moves the blades attached to the shaft, according to the same 
principles of reaction that Hero’s turbine was rotated. 
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By the “‘double-flow” arrangement in this design by which the 
steam is passed from the center to the exhaust at both ends there 
can be very little axial thrust on the shaft. Any thrust that 
does occur, however, is balanced by the pressure of the exhaust 
steam in the chambers E, E at the ends of the casing. A slight 
movement of the shaft toward either end checks the flow of the 
exhaust steam and increases the back pressure at that end. This 
increased pressure then moves the shaft back to its normal 
position. 

Usually it is not possible to balance the parts of a rotating mass 
to make its center of gravity coincide exactly with the geometric 
center about which it revolves. In any machine like a steam 
turbine, when these two centers do not coincide excessive vibra- 
tions of the shaft are produced which at certain speeds * are 
sufficient to break it. To overcome this difficulty, Parsons in- 
geniously allowed a little lateral play, or “ elasticity,’ as he called 


7 AYN) 
Dia Nei 


it, for the shaft by means of a series of rings of two different 
diameters, in principle very much the same as the construction 
of the main bearings of some Parsons turbines, so that it was 
permitted to move laterally a certain amount, say a hundredth 
of an inch, to allow the proper adjustment in passing from rest 
to the normal speed of running. 

Among his early experiments Parsons also tried a purely 
reaction steam turbine, following almost exactly the published 
designs of Hero. This turbine, running with 1oo pounds per 

* This phenomenon occurs at very definite speeds, called “critical,” for every 


rotating mass. Fuller discussion, with a method for calculating “critical” speeds, 
is given on page 430. 
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square inch steam pressure and 27 inches of vacuum, gave an 
output of 20 horsepower at 5,000 revolutions per minute. Steam 
consumption was only 4o pounds per brake horsepower per 
hour, which was indeed a remarkably good result for that time. 

Screw Type. Inventors have worked on the development of 
a screw type like Fig. 6. Steam was admitted to this turbine 
through the chamber A, and passed through holes in the plates 
P, P into the helical grooves on the shaft. In these grooves 
the steam was expanded and then escaped to the exhaust pipes 
E, E at the two ends. Effective action of the steam was prob- 
ably obtained only in the first part of the grooves; and after 
being deflected into a helical course, it rushed through to the 
exhaust without much additional effect in moving the shaft. 

Recently a somewhat similar arrangement having two “ screw 
wheels ” meshing together not unlike spiral or helical gears has 
been successfully developed (see Fig. 157, page 270). 


Fic. 6a. Bucket Wheel Turbine. 


A distinctly different method for the utilization of the energy 
in steam in steam turbines is shown in Fig. 6a. The arrow 
shows the direction of flow of steam into the nozzle, from which 
it is discharged into pocket-like buckets cut into the rim of the 
wheel. Opposite the wheel buckets there are exactly similar 
buckets on the inside of the turbine casing, which are provided 
for the purpose of guiding the steam, as shown in the figure, 
from one wheel bucket to the next, around the circumference 


(see Fig. 153, page 267). 


CHAPTER Le 
THE ELEMENTARY THEORY OF HEAT. 


Note. — This short chapter may well be omitted, in reading, by those who are 
familiar with the thermodynamics of heat engines and with the use of entropy 
diagrams. Itis intended primarily for practical engineers, who will find it par- 
ticularly valuable for reference purposes, as the subject matter is completely 
indexed. 


TECHNICALLY the steam turbine must be regarded as a heat 
engine, that is, a machine in which heat is employed to do mechan- 
ical work. From the viewpoint of the practical man its function, 
the same as that of any other heat motor, is to secure as much 
work as possible from a given amount of steam, or, going a step 
farther back, from the combustion of a given amount of fuel. 
Heat theory is, therefore, of first importance. 

Heat is a form of energy like electrical, chemical, mechanical, 
potential, and kinetic. No doubt exists about the equivalence 
of the different forms of energy and their close relation to each 
other. Each, at will, can be changed into any of the other forms. 

The relative amount of heat in a body is observed, in common 
experience, by the sense of touch — whether the body is a solid, 
a liquid, or a gas. By such experience we have learned to recog- 
nize certain sensations as hot or cold; and then, with more 
accuracy, to speak of degrees of temperature. Now when a hot 
and a cold body are brought together their temperatures become 
equalized. The hotter body always loses heat. The colder 
body always gains heat.* This experience is the principal basis 
for all heat calculations. 

When in the course of time it had been found that a more 
accurate method than that of the sense of touch was needed for 
heat determinations, methods utilizing the expansion of liquids 

* This phenomenon is called the second law of thermodynamics, —that “heat 
energy always passes from a warm body to a cold body.” 


Io 
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came to, be*generally employed. Many substances have a prac- 
tically uniform rate of expansion between the limits of tem- 
perature an engineer has to deal with. A small column of 
mercury in a glass capillary tube is usually taken as a standard 
for temperature measurements.* The mercury in an accurate 
thermometer expands nearly ree of its original volume when 
heated from the freezing temperature of water (32° F.) to the 
boiling point (212° F.). The expansion between the freezing 
point and the boiling point of water has been called, arbitrarily, 
180° F. 

For theoretical heat calculations the zero of temperature is 
taken as 492° F. below the freezing temperature of water; or, 
460° below the Fahrenheit zero. This very low temperature is 
called the absolute zero, and at this point there is theoretically 
no heat energy. 

Temperatures measured from the absolute zero are called 
absolute temperatures and are indicated generally by T, to dis- 
tinguish them from the ordinary Fahrenheit temperatures, t, as 
read on a thermometer scale. 

Using these symbols, we have then in Fahrenheit degrees, 


T =t + 460. 


Absolute temperatures are convenient for heat calculations 
because “ perfect’ gases, at constant pressure, increase in volume 
in proportion to the increase in absolute temperature. 


* The ordinary mercury thermometers can be used to measure temperatures to 
about 575° F. with accuracy. For higher temperatures the capillary tube over 
the mercury should be filled with nitrogen or carbonic acid gas under high pressure. 
Such thermometers can then be used for temperatures up to 1000° F. 

If the mercury is not throughout its whole length at the same temperature as 
that being measured, a correction, k, given by the following formula must be 
added to the observed temperature, ¢, in Fahrenheit degrees: 

k = .000,088 D (t — #’), 
where D is the length of the mercury column exposed, measured in Fahrenheit 
degrees, and ¢’ is the temperature of the exposed part of the thermometer. When 
long thermometers are used in shallow wells in high-pressure steam pipes this cor- 
rection is often 5° to 10° F. For experimental data and direct-reading correction 
curves, see Moyer’s Power Plant Testing, 2d edition (McGraw-Hill Book Co.), 


pages 31-33- 
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Heat Units and Specific Heat. The amount of heat required 
to raise the temperature of one pound of water from 62° to 63° F. 
is taken arbitrarily as the standard English unit of heat, — com- 
monly called the British thermal unit (B.T.U.).* The ratio of 
the amount of heat required to raise the temperature of a pound 
of water or steam one degree to the British thermal unit is called 
the specific heat. 

The specific heat of steam and of gases changes in value accord- 
ing to the conditions under which the heat is applied. If heat is 
added to a vapor or a gas held in a closed vessel, with no chance 
for expansion, no external work is done, and therefore practically 
all the heat added is used to increase the temperature. ‘This is 
the condition in a boiler when no steam is being drawn off. In 
this case the specific heat is symbolized by C, = specific heat at 
constant volume. If, on the other hand, the pressure is kept 
constant but the volume is allowed to change to permit expansion 
and the performing of external work, we say then, C, = specific 
heat at constant pressure. 

Heating at constant pressure is the condition that is most 
interesting to the engineer. When his engines are running the 
boilers are making steam at constant pressure. The heat energy 
absorbed by a pound of steam for raising only the temperature 
must be, obviously, approximately the same, regardless of the 
conditions of pressure and volume. Since for constant pressure 
conditions some external work is always done, requiring a 
larger amount of heat energy than for the case when the volume 
is constant, it follows that C, is always greater than C,,. 

We should add, further, that an engineer’s calculations con- 
cerning energy transformations in steam turbines are almost 


* In the C. G. S. (Centigrade-gram-second) system of units the kilogram-calorie 
(kg.-cal.) is used as the standard heat unit. x1 kg.-cal. = 3.97 or nearly 4 British 
thermal units (B.T.U.). 

t The specific heat of water at 200° F. is 1.005, and of superheated steam an 
average value of .6 is often assumed in rough calculations for steam at the usual 
boiler pressures in power plant practice for superheats less than 150° F. Mean val- 
ues of the specific heat of superheated steam are given by the curves in Fig. 12. 
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without exception for the condition of constant pressure, and, 
consequently, only values of C, are generally useful. Most gases 
have practically constant values for their specific heats. 

At temperatures near the boiling point, the heating of vapors, 
like steam, is influenced by molecular attraction, so that their 
specific heats are variables depending on conditions of tempera- 
ture and pressure. The specific heat of superheated steam de- 
creases with increasing temperatures to a minimum value. The 
values of specific heat increase slightly, on the other hand, with an 
increase of pressure.* 

Mechanical Equivalent of Heat. Heat and work are both 
forms of energy and are “‘ equivalent,” meaning that energy can 
be transformed into mechanical work, and that work, as a form 
of energy, can be changed back again into heat. The relation is 
expressed by 


1 British thermal (heat) unit = 778 foot-pounds (work). 


HEAT AND WORK. 


Heat is a form of energy. Each of the various kinds of heat 
motors, such as the steam engine, the steam turbine, the gas 
engine, or the gas turbine, is a machine for obtaining mechanical 
work from heat energy. 

In the general principles of operation the steam turbine and the 
reciprocating or ‘‘ piston”? steam engine are essentially similar 
machines. Both do work according to the same heat relations. 
The gas turbine is somewhat different. This new motor, which 
as yet has scarcely reached a practical stage of development, 
will be discussed in its proper place. 

In a reciprocating steam engine working “ expansively ” the 
steam is admitted at boiler pressure until the point of cut-off; and 
during the remainder of the stroke the piston is pushed ahead, or 
does work, by the expansion of the steam shut up in the cylinder. 
In the steam turbine the heat process is analogous, except that 


* Knoblauch and Jakob, Zeit. Verein deutscher Ingenieure, vol. LI, No. 1, and 
an article by the author in Mechanical Engineer (London), vol. XX, page 279. 
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the flow of the steam, instead of being intermittent, is continuous. 
Steam is continually pushed into the nozzles, or similar steam 
passages, and expanding, expends its internal energy in producing 
velocity. Vanes or blades, fixed to a rotating wheel, are placed 
near the nozzles so that the jets of steam are directed against 
them. These blades or vanes thus set in motion move the wheel 
and with it the shaft which transmits the power. 

Theoretically the work from expanding steam behind a piston 
is exactly the same as that we obtainfroma nozzle. The difference 
is only in the method for making the heat energy available for 
doing work. 

Before going farther with the discussion of how the steam tur- 
bine converts heat energy into work, the more familiar case of the 
reciprocating steam engine will be considered briefly, because it 
is assumed the reader is already more or less familiar with its 
heat processes. By the static pressure in the steam pipes and in 
the boiler the steam is pushed into the engine cylinder and causes 
the piston to move up to the point where the supply of steam is 
shut off. Then the steam expands, reducing, at the same time, 
the pressure till the piston has reached the end of the cylinder. 
On the return stroke the steam is discharged at a nearly constant 
low pressure into the atmosphere or into a condenser. Now on 
the ‘‘ working ” stroke when the steam is being pushed into the 
cylinder,* and when it is expanding, the steam is doing work at 
the expense of the heat energy put into it by the fires under the 
boiler. The heat in a pound of steam at a given pressure and 
temperature represents a definite amount of energy. Expansion 
of the steam in the cylinder after cut-off is accompanied, therefore, 
with a reduction of pressure and temperature, and the work done 
is in proportion to the heat energy lost by the steam. Thus heat 
energy and work go hand in hand. A loss to one is a gain to the 

* Until the point of cut-off is reached, all the time that steam is being pushed 
into the cylinder work is being done at the expense of the boiler pressure. Actually 
the pressure in the boiler is a little lower after the amount of steam required for a 
stroke has been taken out than it was before. When, however, the strokes of 


the engine come in quick succession, the variation in boiler pressure is not pere 
ceptible. 
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other. Fig. 7 shows a typical steam engine indicator card, repre- 
senting, diagrammatically, the heat relations that have just been 
discussed. The horizontal scale of codrdinates (abscissas) repre- 
sents volumes, and the vertical scale (ordinates) represents 
pressures. It is obvious then that any area included by the lines 
of this diagram represents work done by the steam. In this 
figure P, and v, represent initial pressure and volume, and P, and 
ve the corresponding final conditions, meaning the pressure and 
volume at the end of the “working” stroke. This diagram as 
it applies to the steam engine may be analyzed briefly as follows: 


Fic. 7. Pressure-Volume Diagram Showing Work Areas, 


1. Area AO1B is the work done in “ pushing” the steam into 
the cylinder against the resistance of the piston to motion. 

2. Area 12CB is the work done when the steam is expanding. 

3. Area A432C is the work lost in the heat energy discharged 
in the exhaust.* 

4. Area 40123 is the net work done. 

The discussion given above is, of course, for the ideal case 
where the cylinder clearance is neglected and expansion to 
back-pressure (P2) is complete. 


* If an almost perfect vacuum were attainable this loss would be practically 
negligible. Actually with the best condensing apparatus it is quite large. 
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The same diagram (Fig. 7) can also be used for the analysis of 
the work done by steam expanding in the nozzles or similar 
passages * of aturbine. The work done in “ pushing ” the steam 
into the engine cylinder has its counterpart now in the work done 
by the steam in entering the nozzle, so that, 

1. Area AO1B is the work done in ‘‘ pushing ”’ the steam out of 
the pipes or receiving vessels into the nozzle. 

2. Area 12CB is the work done during expansion at the expense 
of the heat energy, to give velocity to the steam. 

3. Area A432C is work lost by the steam in forcing its way 
against the external or exhaust pressure. 

4. Area 40123 is the work done in producing velocity. 

The work of “ pushing” the steam into the nozzle produces 
initial velocityt, or ‘‘velocity of approach.” In all practical steam 
turbine nozzles this initial velocity, compared with the final 
velocity after expansion, is very small. For this reason, in the 
calculations required for the designing of nozzles and blades, 
this initial velocity is usually neglected. Practical designers, 
therefore, are interested only in the heat energy of the area 123 
and the velocity it represents. In order to secure high efficiency 
and low steam consumption the designer is always striving to 
make this area as large as possible, allowing, of course, for other 
limiting conditions. 

As the result of the comparison of the heat functions of steam 
turbines and reciprocating steam engines, we should observe, 
then, that the heat energy in a pound of steam available for per- 
forming useful work is exactly the same whether the steam goes 
to the one or to the other. It follows then also that, theoretically, 

* In some types of turbines there are no nozzles, but instead stationary blades 
are used which are arranged to expand the steam just as in a nozzle. In this 
chapter, therefore, where the term “nozzle” is used it will be assumed to apply as 
well to stationary ‘‘expanding”’ blades. 


t The amount of this work, or the area AOrB, is very small in the case of the 
turbine compared with that in the steam engine. 


Whe ' Ue 
{ This initial velocity, Vo, is calculated from the relation P\v, = —2, where 
28 


P, and y, are the initial pressure and volume of a pound of steam and g is the 
acceleration due to gravity (32.2). All velocities are in feet per second. 
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the steam consumption for the same conditions of temperature and 
pressure is the same for the turbine as for any other form of 
engine. Discussion of the merits of different forms of steam 
motors with only the theoretical viewpoint in mind is, therefore, 
useless. Only the conditions in practice affecting the design of 
commercial machines are of any significance in determining the 
type of steam motor to be used for given conditions of service. 


HEAT THEORY RELATING TO THE DESIGN OF NOZZLES 
AND BLADES. 

Diagrams similar to those made on a steam engine indicator 
(Fig. 7), showing for an engine stroke the conditions of pressure 
and volume inside the cylinder, are very useful in the design and 
operation of reciprocating steam engines, but they are of very 
little use for work relating to steam turbines. In a steam tur- 
bine it is not practicable to put a measured amount of steam 
through a nozzle “at a time” as the flow is practically con- 
tinuous. The pressure-volume diagram has, therefore, a very 
limited application. Another kind of diagram, the details of 
which are somewhat more difficult to understand, is universally 
used by steam turbine engineers. In this diagram, which will 
now be described, any surface represents accurately to given 
scales a quantity of heat. Absolute temperatures (T) are the 
ordinates, and entropies * (¢) are the abscissas. 


* Entropy, which Perry calls the “ghostly quantity,” has no real physical 
significance, so that complete definition is not possible. If dQ is a small amount 
of heat added to a body, and T is the absolute temperature at which the heat is 

5 ttl d 

added, then the change in entropy of that body is a , or dd = a - Entropy of 
saturated steam above the entropy of water at the freezing point (32° F.) is easily 
calculated; but for low temperatures, its values are unknown because of the lack of 
data regarding the specific heats. For saturated steam at any pressure, then, 
¢= sap n (or 0), where x is the quality of the steam, 7 is the latent heat of 
evaporation or “ heat of vaporization,” T is the absolute temperature, and m (or 6) 
is the entropy of the liquid (water). All values of latent heat of evaporation, heat 
of the liquid, total heat, etc., given in steam tables are in heat units above 32° F. 
“The symbols used here are those given in Marks and Davis’ Steam Tables and 
Diagrams, published by Longmans, Green & Co., New York, and in Goodenough’s 
Properties of Steam, published by John Wiley & Sons, New York. 
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Fig. 8 shows a simple heat diagram laid out with absolute 
temperature and entropy for the coérdinates. Steam ata certain 
condition of temperature and 
entropy is represented here 
by the point A. Then if 
some heat is added, increas- 


800 


z 600 ing both temperature and 
z entropy, the final condition 
8 400 is represented by the point 
2 B, and the area ABCD repre- 
ay sents the heat added in pass- 


ing from the condition at A 
to the condition at B. Such 
Bedsits a diagram is usually called 

Fic. 8. A Simple Temperature-Entropy temperature-entropy dia- 

Diagram. gram, although the name 

heat diagram would prob- 

ably be more appropriate, since every area in expansions follow- 
ing a simple law represents a definite amount of heat. 

Another temperature-entropy diagram is shown in Fig. 9, 
representing by the various shaded areas the heat added to water 
initially at the absolute zero of temperature to warm and com~ 
pletely vaporize it at the temperature of evaporation of steam 
corresponding to the pressure P,;. The unshaded area under 
the irregular curve AA’B* represents the heat in a pound of 
water at the freezing point (32° F. or 492° in absolute tempera- 
ture). The area OBCD is the heat added to the water to bring 
it to the temperature of vaporization, or in other words, this 
last area represents the heat of the liquid (q) given in the steam 
tables for the pressure P,. Further heating after vaporization 
begins is at the’ constant temperature T, (corresponding to the 
pressure P,) and is represented by an increasing area under line 
CE. When “steaming” is complete, the latent heat of evapo- 
ration is the area DCEF. If after all the water is vaporized 


* The area A’’A’BO represents the latent heat of fusion of ice, or it is the amount 


of heat that must be put into ice while melting, without producing a change of 
temperature. 
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more heat is added, the steam becomes superheated, and the 
additional heat required would be represented by an area to 


2.0 Entropy (#) 


Fic. 9. Temperature-Entropy Diagram showing the Total Heat in Dry Sat- 
urated Steam at the Temperature 7; (measured from the Absolute Zero of 


Temperature). 


Abs. Fahr. 


Mi 


Entropy (?) 


1.528 
Fic. 10. Practical Example Illustrated with a Temperature-Entropy Diagram. 


(See Fig. 14.) The use of the temperature- 


the right of EF. 
entropy diagram in exhibiting the behavior of steam during 
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expansion will now be discussed and illustrated with a practical 
example. 

Fig. 10 illustrates the heat process going on when feed water 
is received in the boilers of a power plant at 100° F., is heated and 
converted into steam at a temperature of 400° F., and then loses 
heat in doing work. When the feed water first enters the boiler 
its temperature must be raised from 100° to 400° F. before any 
“steaming”? begins. The heat added to the liquid is the area 
MNCD. This area represents the difference between the heat 
of the liquid of steam at 400° F. (q-) and at 100° F. (q,) and is 
about 306 B.T.U. The horizontal or entropy scale shows that 
the difference in entropy between water at 100° and 4oo° F. is 
about .437.* 

Every reader should understand how such a diagram is con- 
structed and especially how the curves are obtained. In this 
case the curve NC is made by plotting from the steam tables 
the values of the entropy of the liquid (usually marked with the 
symbol n or 6) for a number of different temperatures between 
too° and 400° F. and connecting the plotted points with a 
smooth curve. 

Now when water at 400° F. is converted into steam at that 
temperature, the curve representing the change is necessarily 
a constant temperature line and therefore a horizontal, CE. 
Provided the vaporization has been complete, the heat added in 
the “steaming” process is the latent heat of evaporation of 
steam (r) at 400° F., which, from the steam tables, is approxi- 
mately 827 B.T.U. 

The change in entropy during vaporization is, then, the heat 
units added (827) divided by the absolute temperature at which 
the change occurs (400 + 460 = 860° F. absolute) or 


8 
. = os = .962 (see footnote, page 17). 


The total entropy of steam completely vaporized at 400° F. is, 


* As actually determined from Marks and Davis’ Steam Tables, pp. 9 and 15s, 
the difference in entropy is .5663 — .1295 or .4368. Practically it is impossible to 
‘construct the scales in the figure very accurately. 
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therefore, the sum of the entropy of the liquid (water) .566 and 
the entropy of the steam .962, or 1.528.* To represent then 
this final condition of the steam, the point E is plotted on a 
horizontal line through C where the entropy measured on the 
horizontal scale is 1.528, as shown in the figure.t The area 
MNCEF represents then the total heat added to a pound of feed 
water at 100° F. to produce steam at 400° F., and the area 
OBCEF represents, similarly, the total heat (H in the steam 
tables) in a pound of steam at 400° F. above that in water at 
cen te | 

Adiabatic Expansion and Available Energy. The practical 
example illustrated by Fig. ro will also be used to explain how 
the temperature-entropy diagram can be used to show, for ideal 
conditions, how much work can be obtained by a theoretically 
perfect engine from the adiabatic expansion of a pound of steam. 
When steam expands adiabatically — without a gain or loss of 
heat — its temperature falls. Remembering that areas in the 
temperature-entropy diagram represent quantities of heat and 
that in this expansion there is no exchange of heat, it is obvious 
that the area under a curve of adiabatic expansion must be 
zero; and this condition can be satisfied only by a vertical line 
which is a line of constant entropy.f For the case in Fig. 1o 
the expansion curve will lie, therefore, along the vertical line 
EF, and if the temperature falls to 100° F. the expansion will be 


* Tn all steam tables, entropy, like the total heat (H), the heat of the liquid (qg), 
and the heat of evaporation (7), is measured above the condition of freezing water 
GeuE): 

+ The point E is shown located on another curve ST, which is determined by 
plotting a series of points calculated the same as E, but for different pressures. 
If more heat had been added than was required for vaporization, the area DCEF 
would have been larger and E would have fallen to the right of ST, indicating by 
its position that the steam had been superheated. The curve ST is therefore a 
“boundary line” between the saturated and superheated conditions. This curve 
can also be plotted from the values of temperature and entropy obtained from a 
table of the entropy of dry saturated steam. 

t Since in an adiabatic expansion there is no change of entropy, lines of constant 
entropy, in practice, are often called “adiabatics.” It is very rare in steam turbine 
work that the expansion in a nozzle departs far from the adiabatic. For this reason 
other kinds of expansion are not mentioned here. 


22 THE STEAM TURBINE 


from E to G. During this change some of the steam has been 
condensed.* If now heat is removed from this mixture of steam 
and water as it exists at 
G till all the steam is re- 
duced to the liquid state, 
but without further lower- 
ing of the temperature, 
the horizontal line GN 
will represent the change 
in its condition. The 
quantity of heat absorbed 
in this last process—tech- 
nically known as condens- 
ing the steam —is rep- 
resented by the area 
MNGF, and the heat con- 
verted into work is, there- 
fore, the area NCEG; and 
this is called the available energy. By means of diagrams like 
those in the preceding figures, it will now be shown how the 
available energy of dry saturated steam for any given conditions 
can be readily calculated from the data given in steam tables. 
Fig. 11 is a temperature-entropy diagram representing dry 
saturated steam which is expanded adiabatically from an initial 
temperature T, corresponding to a pressure P; to a lower final 


Temperature 


o=0 
Fic. 11. Temperature-Entropy Diagram for 
Steam Initially Dry and Saturated. 


* For the steam to be dry and saturated at the end of this process, the expansion 
would have been along the saturation line ET, and G would have appeared at G’. 

The heat of the liquid, g, of a pound of steam at 100° F. is represented by OBNM, 
and the heat of evaporation (7) is MNG’F’, so that the total heat (g +7 or H) 
is OBNG’F’. The total heat of wet steam is expressed by g + xr, where x is the 
quality or relative dryness. In the case of this adiabatic expansion, then, q is as 
before OBNM and xr is MNGF. It is obvious also that the lines NG and NG’ 
have the same relation to each other as the areas under them, so that 


line NG area MNGF xr NG 


ineNG area MNGr 9) we 


showing that the quality of the steam at any point, G, on a constant temperature 
line (which for saturated steam is also a constant pressure line) is determined as 
in this case by the ratio of NG to NG’. 
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temperature T, corresponding to a pressure P;. The other initial 
and final conditions of total heat H and entropy ¢ (above 
32° F.) are represented by the same subscripts 1 and 2. The 
available energy or the work that can be done by a perfect en- 
gine under these conditions is the area NCEG. It is now de- 
sired to obtain a simple equation expressing this available energy 
E, in terms of total heat, absolute temperature, and entropy. 
Explanations of the preceding figures should make it clear that 


H, = area OBNCEGF, 

H, = area OBNG’F’, 

E, = area NCEG = areas (OBNCEGF + FGG’F’) — OBNG’F’, 
E, = H, — H, + FGG’F’, 


therefore Ez = H,; — Hy + (¢ — ¢1) T2.* (1) 

An application of this equation will be made at once to deter- 
mine the heat energy available from the adiabatic expansion of 
a pound of dry saturated steam at an initial pressure of 165 
pounds per square inch absolute to a final pressure of 15 pounds 
per square inch absolute. 


Example. P, = 165 Tar es 
P, = 15 T, = 673.0 from steam tables. 
H, = 1195.0 from steam tables. 
H, = 1150.7 from steam tables. 
- 1.5615 from steam tables. 
1.7549 from steam tables. 


oF 
ll 


Substituting these values in equation (1), we have 
E, = 1195.0 — 1150.7 + (1.7549 — 1.5615) 673.0 = 174.46 
B.T.U. per pound of steam. 

Now if in a suitable piece of apparatus like a steam turbine 
nozzle, all this energy that is theoretically available could be 

* Tt should be observed that this form is for the case where the steam is initially 
dry and saturated. For the case of superheated steam a slightly different form is 
required which is given on page 28. 


+ The values of the properties of steam given in the exercises are taken from 
Marks and Davis’ Steam Tables and Diagrams. 
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changed into velocity, then we have by the well-known formula 
in mechanics,” for unit mass, 


2 
as E, (foot-pounds) = E, (B.T.U.) < 778, 
28 ee ae — 
V =V778 X 2gE. = 223.7 VE, (2) 


where V is the velocity of the jet and g is the acceleration due to 
gravity (32.2), both in feet per second. 

Solving then for the theoretical velocity obtainable from the 
available energy in the practical example above, 


V = 223.7 V174.46 = 223.7 X 13.20 = 2953 feet per second.{ 


Ti and P; E'\E 


Temperature 


0 


8 
| 
| 
M 


~=0 gd, ?, 2 Entropy 
Fic. 11a. Temperature-Entropy Diagram for Wet Steam. 


The important condition assumed as the basis for the determi- 
nation of equation (1), that the steam is initially dry and satu- 
rated, must not be overlooked in its application. There are, 
therefore, two other cases to be considered: 

(x) when the steam is initially wet, 
(2) when the steam is initially superheated. 


Available Energy of Wet Steam. Initially wet steam is easily 
treated in the same way as dry saturated steam. Fig. 11a is an 


* See Church’s Mechanics of Engineering, p. 672, or Jameson’s A pplied Mechanics 
and Mechanical Engineering, vol. I, p. 47. 

t+ Losses in nozzles are neglected. A carefully made nozzle may have practically 
roo per cent efficiency. For discussion of nozzle losses see pages 57, 58, and 102. 
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example of the case in hand. At the initial pressure P,, the total 
heat of a pound of wet steam (qi + x1) is represented in this 
diagram by the area OBNCE’’F”’. The initial quality of the 


- iif 
steam (x,) is represented by the ratio of the lines <. The 


available energy from adiabatic expansion from the initial tem- 
perature T,; (corresponding to the pressure P;) to the final tem- 
perature T, (corresponding to the pressure P,.) is the area 
NCE”’G”. If we call this available energy E.., we have 


E,~ = area OBNCEGF + FGG’F’ — OBNG’F’ — G’E’EG, 
Ew = Hi — He + (¢2 — ¢1) Te — (fi — 42) (Ti: — Te),* 


Ee] a HG = 3) mal Soe 68 


The velocity corresponding to this energy is found by substi- 
tution in equation (2), just as for the case when the steam was 
initially dry and saturated. 

Example. Calculations for the velocity resulting from adia- 
batic expansion for the same conditions given in the preceding 
example on page 23, except that the steam is initially 5 per 
cent. wet, are given below. 


P, = 165 lbs. abs. Ti = 826.0° F. 


P, = 15 lbs. abs. Ty=-673.0 F. 
Hy = 1105.0 B.1.U. 
H, = 1150.7 B.T.U. 
gi = 1.5615. 
gd, = 1.7549. 
ry = 856.8 B.T.U, 
X1 = 1.00 — .05 = .95. 


* In general terms, ¢ = = +06. Here ¢: = a +6, because # = 1. 


a XY, 


dz T, aes 


di — $2 = 7 (tm). 
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Ew = 1195.0 — 1150.7 + (1.7549 — 1.5615) 673.0 — = 
X .05 (826.0 — 673.0), 

E,,, = 166.53 B.T.U. 

Vi = 223.7 VEw = 223-7 X 12.90 = 2886 feet per second. 


It is observed that the theoretical velocity is reduced from 
2953 to 2886 feet per second by the presence of moisture in 
the steam. The percentage reduction in velocity is, however, 
only about 2 per cent. while the amount of moisture is 5 per 
cent. Moisture in steam produces still other and greater losses 
in turbines, which will be studied later. 

Available Energy of Superheated Steam.* In the following 
paragraphs the significance of the temperature-entropy curves 
for superheated steam will be explained, and it will be shown also 
how they are to be used to determine the available energy and 
the corresponding theoretical velocity resulting from adiabatic 
expansion in a nozzle. 

Specific Heat of Superheated Steam. In modern practice, 
superheated steam often enters our calculations and a trouble- 
some modification of the entropy diagram results. The difficulty 
arises because the specific heat of superheated steam is not at all 
accurately known. The diagrams in the appendix are calculated 
for the specific heat determinations by Knoblauch and Jakob.f 
The specific heat of steam varies with the temperature and pres- 
sure as shown in Figs. 12 and 13, giving values of the mean and 
the true specific heat at constant pressure (C,). 


*In the following pages the important properties of superheated steam with 
which the modern engineer must deal will be briefly discussed. It is generally rec- 
ognized that a gain in steam economy results from the use of superheated steam in 
either steam turbines or reciprocating engines, but an accurate analysis of tests for 
the actual gain in economy of a plant is very difficult because there are so many 
factors entering. The peculiar circumstance, also, that water can exist indefinitely 
in the liquid state in the presence of superheated steam, makes conclusions from 
experimental data often uncertain. 

} Values of mean specific heat are taken from Mechanical Engineer, vol. XX, 


page 230, and Professor A. M. Greene’s paper in Proc. American Society of Mechani- 
cal Engineers, vol. XXIX, page 280. 
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True specific heat represents the ratio of the amount of heat to 
be added to a given weight of steam at some particular condition 
of temperature and pressure to raise the temperature one degree 
to that required to raise the temperature of water at maximum 
density one degree. The mean specific heat is almost invariably 
used in steam turbine calculations. 
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Fic. 12. Mean Values of Cy, Calculated by Integration from Knoblauch and 
Jakob’s Data. 

Temperature-Entropy Diagram of Superheated Steam. The 
graphic representation of the heat added during the superheat- 
ing of steam is easily accomplished with temperature-entropy 
diagrams. Fig. 14 shows a diagram similar to that representing 
dry saturated steam in Fig. 11, with the added area FEH,J to 
show the superheating from the temperature, T, corresponding 
to the pressure P, to the temperature of the superheated steam, 
T,. The total heat in a pound of steam above 32°F. is now 
represented by the area OBCEH.J. For adiabatic expansion of 
superheated steam at the temperature T, and pressure P; to a 
pressure P, the available energy is the area LCEH.G. 


28 THE STEAM TURBINE 


Too much calculation is involved in the construction of entropy 
diagrams to make a new diagram for every particular case from 
the properties usually found in steam tables; but the construc- 
tion of such diagrams should be understood. From the expla- 
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Fic. 13. Values of the “ True”’ Specific Heat of Superheated Steam. 


nations that have preceded, the construction of all the lines 
except EH, should be obvious. ‘This line is obtained by calcu- 
lating the “ change ”’ or increase in the entropy of superheated 
steam for various values of temperature (between T, and T;) from 
the following well-known relations: 
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ay a 2D. fo cat 
ds a= [2- x ee 


or ds — 1 = Con Ee Fl. 2.3028 Com (los fA ai logio 1), 
L 


where C>,, is the mean value of the specific heat of steam taken 
from the curves in Fig. 12 for the temperature T,. 

The amount of energy that becomes available in the adiabatic 
expansion of superheated steam is very easily expressed with 


Temperature 


—— 
»s d, Entropy 


Fic. 14. Simple Temperature-Entropy Diagram for Superheated Steam. 


the help of Fig. 14a. Two conditions after expansion must be 
considered: 

(1) When the steam in the final condition is superheated, 

(2) When the steam in the final condition is wet (or dry 
saturated). 

Using Fig. 14a with the notation as before except that Ez, is 
the available energy from the adiabatic expansion of steam ini- 
tially superheated in B.T.U. per pound, ¢, and H, are respec- 
tively the total entropy and the total heat of the superheated 
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steam at the initial condition, then obviously from the diagram, 
when the steam is wet at the final condition, 


Eas Ss H, al H; + (3 a ds) T3. | (1’”) 


When the steam is superheated at the final condition, as, for 
example, when the temperature after expansion is T,’, 


Eus = H, = H, oa ($s Sa de) T..* (4 


It will be observed that these equations (1’’) and (1’’’) are the 
same in form as equation (1), page 23, and that equation (1’’) 
differs essentially in having the terms H, and ¢, in the place of Hy 
and ¢. In other words equation (1) can be used for super- 
heated steam if the total heat and entropy are read from the 
steam tables for the required degrees of initial superheat. 

The following examples illustrate the simplicity of calculations 
with these equations: T 

Example. Steam at 150 pounds per square inch absolute 
pressure and 300° F. superheat is expanded adiabatically to 1 
pound per square inch absolute pressure. How much energy 
in B.T.U. per pound E,, is made available for doing work ? 
(Steam is wet in its final condition.) 


Solution. H, = 1348.8 B.T.U. per pound, 
H; = 1103.6 B.T.U. per pound, 


$3 = 1.980, 

gs = 1.732, 

Ts = 559.6° F., 
Eze = 1348.8 — 1103.6 — (1.980 — 1.732) 559.6 


= 383.9 B.T.U. per pound. 


The result above may be checked with the total heat-entropy 
chart.in Marks and Davis’ Steam Tables and Diagrams (Dia- 
gram I), and obtain (1349-967) or 382 B.T.U. per pound. 


* This is only approximately correct because the continuation of the line T> to 
T,’ is not quite horizontal, and 7,’ is usually unknown except as read from a chart. 

} Elements of Engineering Thermodynamics, by Moyer, Calderwood, and Potter, 
Second Edition, pages 128-140 (John Wiley & Sons, New York). 
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Example. Data same as in preceding example except that 
the final pressure is now 35 pounds per square inch absolute. 
(Final condition of steam is superheated.) Calculate E,s. 


Solution. H, = 1348.8 B.T.U. per pound, 
H, = 1166.8 B.T.U. per pound, 


gs = 1.732, 

ORC. 

IT; =7iso> FS 

Ez, = 1348.8 — 1166.8 — (1.7320 — 1.6868) 718.9 


= 149.5 B.T.U. per pound. 


Equations can also be written, as illustrated in Fig. 14, for 
the available energy E., for superheated steam when the final 
condition is “‘ wet ” thus, 


Eas = Hi — (hp + Xf) + Com (T. — Ti), 
or in a different form as, 
Hy — Hy + Com (Ts — T:) + (¢2 — o1) Tr. 
When at the final condition it is superheated, then 
Eos = Hy — Hz + Com (Ts — T1) — Com (Ts’ — Tr), 


where other symbols are used as before and 7, is initial tem- 
perature and T,’ is the final temperature when superheated. 
The shaded area NCEG in Fig. 11 is also known as the the- 
oretical Rankine cycle for the case where the steam supplied 
is initially dry saturated. The available energy E,, therefore, 
as given by equation (1) on page 23, multiplied by 778 gives the 
maximum theoretical foot-pounds of work that can be accom- 
plished with this cycle, neglecting losses, from a pound of dry 
steam. There are 33,000 X 60 foot-pounds in one horsepower- 
hour, and hence dividing 33,000 X 60 by E, X 778" we get the 
theoretical steam consumption or theoretical ‘‘ water rate” of 
a turbine using the ideal Rankine cycle with steam initially dry 
saturated. Similarly the area NCE’’G” in Fig. 11a shows the 


* The energy theoretically available for doing work in foot-pounds per pound of 
steam is Eg X 778. ‘ 
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available work for the theoretical Rankine cycle when the steam 
is initially wet, and the theoretical steam consumption of the 
Rankine cycle.for this case is 33,000 X 60 divided by Eau * X 778. 

Fig. 14 shows also the Rankine cycle for steam initially super- 
heated. Calculation of theoretical steam consumption is similar 
to the cases already explained. 

The most important part of the design of a nozzle is the deter- 
mination of the areas of the various sections — especially the 


HsOTs 


Absolute Temperature 


H ?, o, Entropy 


Fic. 14a. Temperature-Entropy Diagram for Superheated Steam. 


smallest section, if the nozzle is of an expanding or diverging 
type. Various forms of standard nozzles are shown in Fig. 15. 
In order to calculate the areas of nozzles we must know how to 
determine the quantity of steam (flow) per unit of time passing 
through a unit area. It is very essential that the nozzle is well 
rounded on the “entrance” side and that sharp edges along 
the path of the steam are avoided. Otherwise it is not impor- 


* From equation (1’), page 25. 
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DeLaval Type. 


Nozzle 
Diaphragm 


Curtis Type. 


Fic. 15. Examples of Standard Designs of Nozzles. 


tant whether the shape of the section is circular, elliptical, or 
rectangular with rounded corners. Typical “ square,” “ rectan- 
gular ” and circular nozzle sections used in different makes of 
commercial turbines are shown in Fig. 15a. 
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General Remarks Regarding Nozzles. Finally it may be 
stated that there is practically no difference in the efficiency of 
the nozzles used in commercial turbines if they have smooth 
surfaces and are properly designed for the correct ratio of the 


Fic. 15a. Sections of Nozzles Used in Commercial Turbines. 


area at the throat to that at the mouth, and if the length is not 
made much less than, nor more than possibly twice, that calcu- 
lated by the formula given on page 54. 

Nozzle Efficiency. Whether the nozzle section is circular, or 
rectangular (if these last sections have rounded corners) the 
efficiency as measured by the velocity will be about 96 to 97 per 
cent., corresponding to an equivalent energy efficiency * of 92 to 
94 per cent. Speaking commercially, therefore, it does not seem 
to be worth while to spend a great deal of time in the shops to 
make nozzles very exactly to some difficult shape. Simpler and 
more rapid methods of nozzle construction should be introduced. 
In some shops the time of one man for two days is required for 
the hand labor alone on a single nozzle. 

Example. Calculate the work done in foot-pounds by one 
pound of steam expanding behind a piston in a reciprocating 
engine for the conditions given in the example on page 23. 
(See discussion on page 16.) Ans. 174.2 X 778 ft.-lbs. 

Example. If the flow of dry steam at 165 pounds per square 
inch absolute pressure from a nozzle with a cross-sectional area 
of .oo128 square foot is 2 pounds per second, what is the velocity 
of the discharging jet ? 

At the pressure stated steam has a specific volume of 2.75 
cubic feet per pound (from steam tables). 


* Velocity is proportional to the square root of the available energy; and V “92 = 


.96, also V.94 = .97. Therefore, 4 per cent velocity loss, for example, is equiva- 
lent to 8 per cent energy loss. 
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Let V = velocity of discharge (ft. per sec.) 
A = area of nozzle = .00128 sq. ft. 
AV = volume discharged (cu. ft. per sec.) 
00128 V = 2 X 2.75 
V = 4207 ft. per sec: 


If turbine blades could be made to transform all this velocity 
into useful work, how much horsepower could be transmitted to 


machinery from its shaft ? 
2 


? 
28 
where W is the weight in pounds of the steam flowing and g 
is the acceleration due to gravity (32.2 ft. per sec.). 


Kinetic energy of jet (ft.-lbs. of work per sec.) = 


ft.-lbs. of work per sec. 
55° 
_ 2% (4207)? 
DIX BOA IS SNS 
= about 1043 h.p. 


Horsepower = 


Example. What is the theoretical steam consumption (water 
rate) of the Rankine cycle for the conditions given in the ex- 
ample on page 23; that is, for steam initially dry saturated 

33200 xX 60. 
174.46 X 778 
Example. What is the theoretical steam consumption of the 


Rankine cycle for steam initially wet at the conditions stated 


in the example on page 25? 
33,000 X 60 


UEL0G 535 77105 


CHAPTER III. 
FLOW OF STEAM AND NOZZLE DESIGN. 


Flow of Dry Saturated Steam through Nozzles. The weight 
of steam discharged through any well-designed nozzle with a 
rounded inlet, similar to those shown in Figs. 13 and 14, depends 
on the initial absolute pressure (P,), if the pressure against which 
the nozzle discharges (P,) does not exceed .58 of the initial pres- 
sure. This important statement is well illustrated by the follow- 
ing example. If steam at an initial pressure (P,) of too pounds 
per square inch absolute is discharged from a nozzle, the weight 
of steam flowing in a given time is practically the same for all values 
of the pressure against which the steam is discharged (P,) which 
are equal to or less than 58 pounds per square inch absolute. 

If, however, the final pressure is more than .58 of the initial, 
the weight of steam discharged will be less, nearly in proportion 
as the difference between the initial and final pressures is reduced. 
(See pages 41 and 42.) 

‘The most satisfactory formula for the “constant flow ” 
condition, meaning when the final pressure is .58 of the initial 
pressure or less, is the following where F is the flow of steam 
(initially dry saturated) in pounds per second, Ay is the area of 
the smallest section of the nozzle in square inches, and P, is 
the initial absolute pressure of the steam in pounds per square 
inch, 


AvP -97 
F = eo ’ (3) 
or, in terms of the area, 
60 F 
Ay = pia" (3’) 


These formulas are for the flow of steam initially dry and 
saturated. An illustration of their applications is given by the 
following practical example. 

36 
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Example. The area of the smallest section (Ao) of a suitably 
designed nozzle is .54 square inch. What is the weight of the 
flow (/) of dry saturated steam per second from this nozzle when 
the initial pressure (Pi) is 135 pounds per square inch absolute 
and the discharge pressure (P2) is 15 pounds per square inch 
absolute? 

Here Pz is less than .58 P; and the flow of steam is 

pe SLOTS 
60 
Fu 54% £10.87 


= = 1.049 pounds per second. 


Flow of Wet Steam. When steam passes through a series of 
nozzles one after the other as is the case in many types of tur- 
bines, the pressure is reduced and the steam is condensed in 
each nozzle so that it becomes wetter and wetter each time. In 
the low-pressure nozzles of a turbine, therefore, the steam may 
be very wet although initially it was dry. Turbines are also 
sometimes designed to operate with steam which is initially wet, 
and this is usually the case when low-pressure steam turbines 
(see Chapter [X) are operated with the exhaust from non-con- 
densing reciprocating engines. In all these cases the nozzle area 
must be corrected for the wetness of the steam. Fora givennozzle 
the weight discharged is, of course, greater for wet steam than 
for dry; but the percentage increase in the discharge is not 
nearly in proportion to the percentage of moisture as is often 
stated. The general equation for the theoretic discharge (F) 
from a nozzle is in the formt 


po-xy®, 
Y 


where P; is the initial absolute pressure and 2 is the specific 


60 
Py 


+ The general equation for the theoretic flow is 


/ 2 K+1 
2 gkP, | Le k A P, k } 


* A curve from which values of can be read is given on page 47 (Fig. 19). 


(k— 1)% 
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volume (cubic feet in a pound of steam at the pressure P;). 
Now, neglecting the volume of the water in wet steam, which is 
a usual approximation, the volume of a pound of steam is pro- 
portional to the quality (x:). For wet steam the equation above 
becomes then 

Pi, 

X04 


F=K 


The equation shows, therefore, that the flow of wet steam is 
inversely proportional to the square root of the quality (x). 
Equations (3) and (3’) can be stated then more generally as 


- A,P;:" 
F es 60 Vx,’ (4) 
Nips Ey (4 


These equations become, of course, the same as (3) and (3’) 
for the case where x, = 1.* 


where the symbols F, A,, P,, and g are used as in equations (2) and (3). P, is 

the pressure at any section of the nozzle, v, is the volume of a pound of steam at 

the pressure P;, and # is a constant. The flow, /, has its maximum value when 
2 k+1 


(n)- (=) ° 


is a maximum. Differentiating and equating the first differential to zero gives 
k 


3 =(-2 og 
Je k+1 


P, is now the pressure at the smallest section, and writing for clearness P, for 
P,, and substituting this last equation in the formula for flow (F) above, we have 


ae (= : ( e6 

REI aNPY Vy 
Now regardless of what the final pressure may be, the pressure (P,) at the smallest 
section of a nozzle (Aq) is always nearly .58 P, for dry saturated steam. Making 


then in the last equation Po = .58 P; and putting for k the present generally ac- 
cepted value of 1.30 for superheated steam, 


F=Ky/—, 
Vy 


where K is another constant having the value of 0.3155 Ao. See Peabody’s Ther- 
modynamics of the Steam Engine, page 132; Zeuner’s Theorie der Turbinen, page 
268. ; 

* Emswiler states as the result of a large number of experiments in the me- 
chanical laboratory of the University of Michigan that the correction factor to be 
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Flow of Superheated Steam through Nozzles. The discharge 
of superheated steam from a nozzle is one of the most important 
subjects of which the engineering profession generally has no 
correct data. The author has observed in his practice again and 
again that the formulas ordinarily given for the flow of super- 
heated steam were not correct and more reliable data had to be 
found. The formulas given here were actually determined from 
the data of experiments with a 30-horsepower De Laval turbine 
but were later checked with a great mass of data in the posses- 
sion of the General Electric Company. The precision with 
which the formula applies to these data is shown in the table 
given on the next page. 

A formula was desired to express the flow of superheated steam 
discharged from a nozzle in the form of formula (3) for the flow 
of dry saturated steam, together with a suitable coefficient to 
correct for the effect of superheat. A formula of this form is 
expressed by 


a A oP," 
~ 60 (1 + .00065 D)’ ne (5) 
ie See ES EOS) (5’) 


P,-” ? 
applied to equation (3) is very nearly 1 + (1 — .o12 m), where m is the per cent. of 
moisture in the steam. The difference between this formula and the theoretical 
equations (4) and (4’) is probably due to temporary conditions of supersaturation 
in the nozzle. 

It is usually assumed that the expansion of steam in a nozzle is adiabatic and that 
expansion in both the superheated and the saturated state takes place in thermal 
equilibrium, which means that the condensation of steam particles in the saturated 
state occurs at the same rate as by expansion at constant entropy. Considerable 
time is required for the drops to form and increase in size in the steam. On this 
account there is evidence that saturated vapor may produce a temporary condition 
in which the steam may continue to expand as saturated steam without any con- 
densation. This temporary condition of steam is called supersaturation. The 
density of steam in this state is abnormal and higher than the density of saturated 
steam at the pressure after expansion; also, the temperature at the end of the ex- 
pansion is lower than the temperature of saturation at that pressure; in this 
condition, the steam vapor is said to be “undercooled.”’ Supersaturation disap- 
pears with the further condensation of part of the vapor. The principal effect of 
supersaturation in steam nozzles is to increase the discharge of saturated steam 
about 5 per cent above the amount that would be calculated for saturated steam. 
Martin contends that steam is never in thermal equilibrium in a turbine until the 
condenser is reached. 
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where F is the weight in pounds of superheated steam discharged 
per second, A is the area of the smallest section of the nozzle in 
square inches, P, is the initial pressure in pounds per square inch 
absolute, and D is the superheat in degrees Fahrenheit. 
Data for a number of tests with the same initial and final 
pressures throughout but varying superheats are given below. 
Initial pressure P; = 99.25 pounds per square inch absolute. 
Final pressure P2 = 14.6 pounds per square inch absolute. 


Number of Test. | I 2 ied ca ee 7 | 8 
Temperature of steam, degrees F.) 386. 6463.1 491.9|529.7 592-7/619-7 703.4|723.6 
Superheat, degrees F. (D)......| 59-6/136.1|164.9|202. 7/265. 7/292. 7/376. 4|396.6 
Flow, pounds per hour (tests) ..|882.0/837.0/824.0|804.0)778.0|776.0/735 .0/729.0 
(r=. OOCOS) DD) Nom a fatshe ciate ere 1.038]1.08g]1. 107|1.132|1.173/1.190|1. 245|1. 258 


Flow, pounds per hour, corrected 
by formula (5) to equivalent 
flow of dry saturated steam ..|917.0 QIO.0/9II.0|9IO.0}914.0}910.0/914.0 916.0 


Goudie gives the following form, derived from the general 
equation of flow on page 37 (using k = 1.30), for the flow of 
steam through a nozzle: 

(a) Steam initially superheated: F = 0.3155 Ao V Pi + 01, 
where v; = specific volume of steam at initial pressure and 
superheat and other symbols are used as already explained. 
Similarly the velocity in the throat in feet per second, Vo = 72.24 
V Poi. 

(6) Steam initially dry: F = 0.3004 Ao VP: +2. This equa- 
tion has been worked out on the assumption that the steam remains 
supersaiurated during its expansion from initial to throat con- 
ditions; that is, no condensation from adiabatic expansion takes 
place and hence the specific volume is less than if there is normal 
condensation. 

Volume of Superheated Steam. Thermodynamic relations 
show that the flow of superheated steam is inversely proportional 
to the square root of the specific volume,* so that from the 
author’s equation for the flow of superheated steam (5) the fol- 
lowing formula for the specific volume is easily obtained: 

v; = (1 + .00065 D)?v, = wiaG) 

* This relation is discussed by the author in Mechanical Engineer (London), 


vol. XX, page 277, and in the Harvard Engineering Journal, vol. VI, No. 2, page 
36. Compare with Stodola, Die Dampfturbinen, 3rd ed., page 9. 
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where v, is the volume in cubic feet of one pound of superheated 
steam, v is the volume in cubic feet of one pound of dry saturated 
steam at the same pressure as for v,, and D is the superheat in 
Fahrenheit degrees. 

Flow of Steam when the Final Pressure is more than .58 of the 
Initial Pressure. For this case the discharge depends upon the 
final pressure as well as upon the initial. No satisfactory formula 
can be given in simple terms, and the flow is most easily calculated 
with the aid of the curve in Fig. 16 due to Rateau. This curve 
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Fic. 16. Coefficients of the Discharge of Steam when the Final Pressure is 
Greater than .58 of the Initial Pressure. 


is used by determining first the ratio of the final to the initial 


pressure Pa and reading from the curve the corresponding co- 
1 


efficient showing the ratio of the required discharge to that cal- 
culated for the given conditions by either of the equations (3) 
or (4). The coefficient from the curve times the flow calculated 
from equations (3) or (4) is the required result. Obviously the 
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discharge for this condition is always less than the discharge 
when the final pressure is equal to or less than .58 of the initial. 

The actual design of the nozzles for a commercial turbine will 
be taken up in the next paragraph; but before this is done, one 
other equation used almost continually in nozzle and blade de- 
signs must be explained. It is to find the quality of the steam 
after an adiabatic expansion. The initial quality of the steam is 
usually determined by the conditions in the boiler equipment, or 
is given in the engineer’s specifications for a new design, but the 
quality of the steam after each expansion must be calculated. 
The general equation for adiabatic flow (constant entropy *) is — 


RoLee Pe 
— + @, =— +6 
om Se 1 T + 29 
and solving, 
m =[S+0,-0|2, (7) 
Ti To 


where the subscript 1 attached to the symbols refers to the initial 
condition, and the subscript 2 to the final. The terms 6; and & 
are the entropies of the liquid (water) at the initial and final con- 
ditions, and the other symbols are used as before. 

To avoid the laborious calculation of equation (7) to deter- 
mine the quality after adiabatic expansion, curves of steam 
quality have been calculated and plotted on the entropy-total 
heat chart in the appendix. To illustrate the use of these curves 
an example is given below. 

Example. Steam at 165 pounds per square inch absolute 
pressure (P;), which is 4 per cent. wet (x, = .96), is expanded 
adiabatically in a nozzle to 15 pounds per square inch absolute 
(P,). What is the quality after expansion ? 

Method. A point is first located on the chart where the quality 
curve for « = .96 crosses the pressure line for 165 pounds as shown 
diagrammatically in Fig. 17. A horizontal line of constant 
entropy drawn through this point shows at its intersection with 
the pressure line for 15 pounds the quality after expansion. In 


* See footnote on page 17. 
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this case the quality is .837. For practical designing to get 
satisfactory results the quality 
should be read to three signifi- 
cant figures. 

Nozzle Calculations. In the 
calculations to determine the 
dimensions of a nozzle it is 
necessary to have given the 
following data: 


(1) the weight of steam that 
, : Fic. 17. Illustrates the Use of the 
is to be delivered through the Entropy-Total Heat Chart to Deter- 
nozzle to develop the required mine the Quality of Steam after Ex- 
power in the turbine. pansion. 

(2) the initial and final pressure (P; and P,). 

(3) the quality (a) of the steam supplied. 


With these data A, is then calculated by substitution of these 
quantities in equation (4’). This is the area at the smallest 
section or throat as shown 
in Fig. 18. 

The area of the nozzle can 
be determined by simple cal- 
culations only at the small- 
est section or throat. To 
determine the area at any 
other section of the ex- 
panding portion between the 
throat and the mouth in- 
volves equations of the form of those at the bottom of page 38. 
It is therefore convenient to determine the sections other than 
the throat by a proportional method. Now the areas of different 
sections depend on the following three conditions: 

(x) the velocity of the steam. 
(2) the specific volume. 
(3) the quality or dryness. 


Fic. 18. A Typical Expanding Nozzle. 


The essential condition to observe is that the weight of steam 
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flowing per second is the same at every section; and for the same 
flow the areas are inversely proportional to the velocities at any 
two sections compared, and directly proportional to both the 
specific volumes and the qualities. We may then write the 


equation 
Ao V, Vo Xo 

A, = area of nozzle at the smallest section in square inches. 

A, = area of nozzle at any section of expanding portion in 
square inches. 

V, = velocity of steam at the smallest section in feet per sec- 
ond.* 

V, = velocity of steam at any section in feet per second.* 

Vo = specific volume at the smallest section in cubic feet per 
pound. 

v, = specific volume at any section in cubic feet per pound. 

X) = quality of steam at the smallest section. 

x, = quality of steam at any section. 


The product Vo a2 es when calculated for the largest 


N; Vo 


section or mouth is often called the expansion ratio (see Fig. 21, 
page 49), and is very nearly proportional to the ratio of the 
initial to the final pressure. 

An example will now be given to show how the actual area of 
the nozzles of a commercial turbine can be calculated. 

Example. A test of a De Laval turbine was as follows: 


Pressure in the steam-chest (P;) 211.5 pounds absolute 
Vacuum referred to 30-in. barometer. . 26.6 in. mercury 


Hloisture In Steaks akc ee eee 2.2 per cent. 
Brake Horsepower... Sc eae ee ee ee ae 333 
Steam consumption, per brake horsepower- 

hour as weighed (“wet”)... 5.8. 15.51 pounds 
Number.ot nozzles ‘opens it ae ae ee 8 


* Since practically all the loss in a nozzle occurs before the steam “ emerges” 
from the throat, the same coefficient applies to both Vp and V; and cancels when 
expressed in equation (8). The non-expanding nozzles shown on page 59 are no 
more efficient than equally well made expanding nozzles. 
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In this case P is given as 26.6 inches vacuum, which is less 
than 2 pounds absolute pressure, and is therefore less than .58 P; 
and formula (4’) is applicable, so that the “ throat ” area of the 
eight nozzles is expressed by 

y 60 F Vx 
OSs aa q7 aa 
Py 


where x; = .978, Pi = 211.5 pounds per square inch absolute, 
and 


? 


F= ner arts = ae pounds wet steam per second. 


60 5165 


A) =——~ V.978. 
7 (211.5) * 3600 °° 978 


Ao = .333 X ae X .989 = .472 square inches. 
The area of the throat of each nozzle is therefore .o590 square 
inches. 


Os 
Py ie 


6 
The value of — was read from the curve * of 


(2z7:5) 
Fig. 19. 

The nozzles of most commercial types of steam turbines are 
made with straight sides as shown in Fig. 18, so that in addition 
to the area at the throat only one other area must be found to 
fully determine the expanding portion. This is obviously most 
easily determined at the mouth, since the velocity must be calcu- 
lated from the available energy for an adiabatic expansion from 
P, = 211.5 pounds per square inch absolute to P; = 1.67 pounds 
per square inch absolute (26.6 inches vacuum). This available 
energy can be calculated by equation (1’) for initially wet steam, 
but the calculation is laborious, and instead the energy will now 
be read from the entropy-total heat chart in the appendix. The 
point is first located on the chart where the line for 211.5 pounds 
pressure crosses the .978 steam quality line (estimated). Read- 
ing the scale of abscissas at this point we find that the total heat 
energy in a pound of steam at this condition is 1181 B.T.U. By 


* The curve was made in this form to make the final form of the result more 
convenient for slide-rule or cancellation calculations. 
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following a horizontal line from this point across the chart as 
indicated diagrammatically in Fig. 20 till it intersects the pres- 
sure line corresponding to 1.67 pounds (estimated), the total heat 
energy escaping with the exhaust steam after adiabatic expansion 
as read on the scale of abscissas is 874 B.T.U. The difference 
between the two readings, or 307 B.T.U., is the available energy 
(E,,,). The quality at the end of expansion (x) as read from the 
curves is .767. In this way the labor of calculating x is saved. 

From the value of the available energy due to expansion, Eaw, 
the velocity V2 at the mouth of the nozzle is calculated by equa- 
tion (2), or 

Vo = 223.7 V Haw = 223.7 V 307 = 3919 feet per second. 


In order to determine the ratio of the area at the mouth of the 
nozzle (A2) to that at the smallest section (Ay) by equation (8) 
the velocity (Vo) and the quality (%)) * must be determined. 
These evaluations are most easily made in the same way as for 
V2 and « by means of the entropy-total heat chart. Now the 
available energy Eo, corresponding to the velocity Vo, must be 
calculated for adiabatic expansion from P; = 211.5 pounds and 
% = .978 to Py = .58 P: | = 122.7 pounds. This available energy 
is 44 B.T.U. and % is .939. The velocity V) is, therefore, 
223.7 VEw = 223.7 V44 =1483 feet per second.t 


* For steam initially dry and saturated, the quality after adiabatic expansion 
(x2) for all practical cases is very nearly expressed, empirically, by the equation 


= (BI 
x= P, ? 


and the quality at the throat (x9) may be taken as .965 for all practical cases re- 
gardless of the initial and final p essures. 

} Itis well established by thermodynamic calculations and by actual experiment 
that the pressure Po at the smallest section of a nozzle is always very nearly .58 of 
the initial pressure (P)). 

t Very elaborate curves of the velocities resulting from the adiabatic expansion 
of dry saturated steam have been prepared and published in some American books. 
Considering the several stages in nearly all types of turbines, such curves can be of 
very little use to practical men, because the condition that the steam admitted to 
the nozzles is dry and saturated occurs infrequently. That some of the authors 
neglected to mark the curves “for steam initially dry and saturated” deserves 
severe criticism. The curves, as given, are very misleading, as they are apparently 
intended for general application for all qualities and superheats. 
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Initial Pressure, P, (50 to 260 Lbs.) 
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Fic. 19. Curves Showing Values of 


+97 
Le 


874 B.T.U. 


1181 B.T.U. 


Total Heat (H) 


Illustrates the Use of the Entropy-Total Heat Chart for Deter- 


FIG, 20. 


mining the Available Energy in a Pound of Steam. 
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In addition to the values already obtained it is only necessary 
to get v) and 2 (the specific volumes of dry saturated steam at the 
corresponding pressures Py and P;) to determine all the terms 
in the equation for the expansion ratio as already given, and 
putting now the subscript 2 for x in equation (8) to express the 
conditions corresponding to the pressure P2; then 


A. Vo Ve X2 / 
Sate ee nie 8 
Ay V2 W ee @) 


or 


: .76 - 
A: = 145 x desks x +272 x .o590 = 1.030 square inches (area 
3919 3-042 -939 
at mouth). 


The author has found as the result of some investigations 
regarding the design of nozzles that the expansion ratio Gi of a 


properly designed nozzle is very nearly proportional to the ratio of 
the initial pressure (P,) to the final pressure (P.). The curve 
shown in Fig. 21 has been calculated on this basis for widely 
different conditions but for rather small expansions, and has been 
found to be accurate enough for practical purposes in designing 
turbines of more than one stage. A similar curve is now being 
used by the nozzle designers of one of the large manufacturing 
companies. After the relations shown by Fig. 21 had been 
worked out, it was found that Zeuner had arrived at a similar 
result mathematically after making certain assumptions; * but 


* In Zeuner’s Theorie der Turbinen, page 270, the following equation is given 
to express the ratio of the area at the mouth to that at the smallest section (expan- 
sion ratio): 

Ao _ 1550 


A aa P.\1-881. 
Py ie) 
where the terms A and P are used as in the equations above. There is probably 
some error in Zeuner’s assumptions, because actually values of * are not quite 
Xo 


constant for varying values of ” . 
1 
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Zeuner’s equation itself is practically useless on account of being 
too complicated.* 

Shapes of Expanding Nozzles. The inside walls of the expand- 
ing portion of the nozzle are usually surfaces with straight-line 
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Fic. 21. Curve Showing the Approximate Relation between Expansion Ratio 
of a Nozzle and the Ratio of the Initial to the Final Pressure. 


elements, meaning that in any section of the nozzle along the 
axis, like Fig. 18, the inner walls are shown by straight lines. 


* The author’s curve in Fig. 21 is expressed by, 
A Ie 
ae = coed . i. 
oe 

A more accurate form for pressure ratios greater than 25 is the following: 


A, i Ry)" + 
As ei & +70. 
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Parenty has shown that, for the highest efficiency, theoret- 
ically, such a section along the axis should be slightly elliptical 
with the focus in the throat, but practically this shape shows no 
advantage and is much too difficult to construct. For making 
nozzles like those in Curtis turbines, where the work is done 
largely with hand tools, the construction of even the simplest 
form is very expensive and the cost of an elliptical curvature is 
practically prohibitive. The shape to give the best expansion 
curve has been the subject of investigation by various experi- 
menters.* As the practical results are particularly interesting, 
it may be well to describe briefly a typical form of apparatus 
usually employed in these experiments as shown in Fig. 22. The 


Fic. 22. Searching Tube Apparatus for Determining the Pressures in Nozzles. 


nozzle to be tested is marked Ain the figure. The steam entering 
the passage B discharges through the nozzle directly into the 
exhaust pipe E. A small “searching” tube, C, is provided 
which is sealed at one end and has a very small hole, D, a short 
distance from this end. ‘The other end of the tube is attached to 
a mercury column or pressure gauge. Suitable means are provided 
for sliding the “‘ searching” tube with its pressure gauge back and 

* The conditions of pressure and velocity of steam inside a nozzle are discussed 


very completely from the mathematician’s viewpoint in Die Dampfturbinen by 
Stodola, 3rd edition, pages 42 to 75, 
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forth so that pressures can be observed in different parts of the 
nozzle, corresponding to the position of the hole D. From these 
observations a curve of 
pressures may be made, 
and from this, together 
with the data of the weight 
of steam passing per unit 
of time, a second curve may 
be developed showing the 
corresponding velocities. 
The curves in Figs. 23, 24, 
and 25 are examples of the 
results obtained by this 


E 
method for three very dif- % 
ferent nozzles. The nozzle 4 
shown at the top of Fig. 3 
23 has curved lines, nearly E 
elliptical, for its inside set 

2 Lbs. per Sq. In. Abs. 
walls. A pressure curve (26 Ins. Vacuum) 
is shown beneath the sec- ee 
tion drawing, in its true 0 | 


—-> Distance along Axis of Nozzle 


relative position corre- 
sponding to points along 
the axis of the nozzle. 
Theoretically this shape of nozzle approaches the ideal for an 
adiabatic expansion.* Practical conditions, however, as stated 


Fic. 23. Expansion Curve of a Nozzle 
with an Elliptical Axial Section. 


* A nozzle with a circular section (perpendicular to the axis) has less surface 
exposed to the flow of steam than a nozzle of any other form of the same length 
and expansion. For this reason this form should give minimum friction losses. 
In practice, however, this type is not often used when the section at the mouth of 
the nozzle is made rectangular, at least when the nozzles are arranged in groups 
with the mouths of the several nozzles close together. There are obvious advan- 
tages from this last construction, as first pointed out by Professor Riedler, because 
if the nozzle mouths are made rectangular and close together a long continuous 
“band”? of steam is secured which is approximately homogeneous and of constant 
velocity. The flow from the end nozzles is, of course, affected by excessive eddying 
and other irregularities just as single nozzles. Efficiency of the end nozzles is 
therefore considerably less than that of any of the others in the group. 


52 THE STEAM TURBINE 


before, make the nozzle shown in Fig. 24 with expanding straight- 
line walls preferable if the throat and mouth areas are properly 
designed. Fig. 24, however, is intended to show primarily the 
effect of using a nozzle for non-condensing service; which was 
designed to be used condensing. For this reason the expansion 
in the nozzle is greater 
than it should be for the 
pressures with which it 
is operating; and for this 
reason the pressure inside 
thenozzle,as illustrated by 
the curve, falls below the 
exhaust pressure. This 
is called over-expansion 
or ‘* over-compounding ” 
and is always accompa- 
nied by a loss in efficiency. 
In fact, as will be shown 
again later, the effect of 
over-expansion, or making 
a nozzle too large at the 
mouth, reduces nozzle effi- 
ciency much more than if 
imate it is made the same per- 

centage too small. (See 
Fig. 28.) The curves 


——> Distance along Axis of Nozzle in Fig. 24 show that the 
Fic, 24, Expansion Curve of a Nozzle with pressure at the mouth 
Straight Walls. 


Pressure Pounds per Square Inch Absolute 


is a little lower than the 
atmospheric exhaust, and a partial vacuum is thus secured 
at the blades opposite the nozzles. When such nozzles are 
operated non-condensing there is some gain from the reduc- 
tion of disk and blade friction because the wheel and blades 
revolve in a less dense medium; but when considering also 
the increased iosses in the nozzle itself because of over- 
expansion, there is certainly no net gain over having a nozzle 
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designed exactly for the expansion corresponding {o the operat- 
ing conditions. 

Fig. 25 is intended to show an abnormal but interesting form of 
nozzle which gives some idea of the behavior of steam when the 
expansion is not gradual and continuous. It was argued by a 
designer who made this nozzle that this form should be as efficient 
as any other. It wes 
his theory that if the 
areas at the throat 
and at the mouth 
were of the right size, 
the shape of the walls 
between was of no 


160 
consequence, and, in. 
fact, that the steam ae, 
of itself would take 4 
the correct passage. 5 
Thus by preventing 3 
the steam particles & 
from touching the E 


walls the friction 
losses in the nozzle 
should be reduced. It 


will be observed, how- —> Distance along Axis of Nozzle 


ever, from the curve fy¢, 25. Expansion Curve inan Abnormal Nozzle. 
in the figure deter- 


mined from some experiments with this nozzle that the pres- 
sure first drops abruptly in the throat to .58 of the initial, 
as in any other nozzle, and then forms a series of waves, from 
which it appears that the particles of steam strike the walls and 
rebound, to meet again at a point, as at A, where an increased 
pressure is produced, and so on till the mouth is reached. The 
probable path of the steam is shown by the dotted lines in the 
drawing of the nozzle. These experiments show therefore that 
the steam will not take the correct passage through a nozzle with- 
out the provision of properly designed walls of gradually increasing 


54 THE STEAM TURBINE 


area corresponding to the expansion required. The importance 
of careful workmanship in the manufacture of nozzles is therefore 
obvious. 

The results shown by Fig. 25 bring up naturally the discussion 
of the proper length for a nozzle, as the one in this figure was 
obviously much too long. 

Probably the best designers of the Curtis types of turbines make 
the length of the nozzle depend only on the initial pressure. In 
other words, the length of a nozzle for 150 pounds per square inch 
initial pressure is usually made the same for a given type regard- 
less of the final pressure. And if it happens that there is 
crowding for space, one or more of the nozzles is sometimes 
made a little shorter than the others. 

Designers of De Laval nozzles follow practically the same 
“elastic”? method. The divergence of the walls of non-con- 
densing nozzles is about 3 degrees from the axis of the nozzle, and 
condensing nozzles for high vacuums may have a divergence of 
as much as 6 degrees * for the normal rated pressures of the 
turbine. The total angle of divergence, therefore, varies from 
six to twelve degrees. 
formula to determine a suitable length, L, of the nozzle between 
the throat and the mouth (in inches): 


L = V15 A,, (0) 


where A, is the area at the throat in square inches. 
The design of the nozzle calculated in the example on page 36 
can now be completed with the determination of its proper length, 


L = V15 X .059 = .g inch. 


The important dimensions of nozzles of circular section suitable 


* According to Dr. O. Recke, if the total divergence of a nozzle is more than 
6 degrees, eddies will begin to form in the jet. There is no doubt that a too rapid 
divergence produces a velocity loss. 

When a number of nozzles intended for different initial pressures are supplied 
for use in the same turbine, the length as determirfed by the taper is usually made 
to correspond to the pressure that is to be most used. Inspection of the De Laval 
nozzle in Fig. 15 shows that it is necessary to make all the nozzles of this design of 
the same length for a given size of turbine, so that the nozzles may be interchanged. 
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for this De Laval turbine tested by Dean & Main may be tabu- 
lated as follows: 

Area at throat (Ay), .o590 square inch. Diameter (D,), .274 
inch. 

Area at mouth (4,), 1.008 square inches. Diameter (D,), 
1.132 inches. 

Length of nozzle (L) as determined by equation (9), .9 inch. 

Length of nozzle assuming a divergence of 12 degrees, 1.9 
inches. 

It will be observed from the last calculation that a de- 
signer of De Laval nozzles would make the length about twice 
that calculated by equation (9). The nozzles of De Laval 
turbines are made unusually long largely for mechanical rea- 
sons. There is probably very little loss in this additional 
length. 

A nozzle of circular section suitable for these conditions is 
shown at the top of page 33 (Fig. 15). It will be observed that 
a rounded entrance to the nozzle has been made. If a well- 
rounded entrance is not provided the rate of flow through the 
nozzle may be only 50 to 70 per cent. (depending of course on the 
sharpness of the corners) of the normal flow calculated from 
Grashof’s formulas given in equations (3) and (4). The effi- 
ciency is also very much reduced if the steam is not led to the 
throat along a surface of gradual curvature. 

It has been shown by Stodola’s experiments that the difference 
in pressure between the outer and inner portions of the jet inside 
a nozzle of approximately correct design are practically negligible. 
The conclusion is, therefore, that the jet always completely fills 
the nozzle, and that there is no “ zonal formation,” meaning 
an outer zone moving at a different velocity from the inner one, 
although there is certainly a considerable amount of frictional 
dragging of the steam at the surface. Obviously, of course, the 
statement does not hold for absurdly diverging forms of nozzles, 
and in such cases the steam leaves the walls with apparently 
much loss of velocity as in the example shown by Fig. 25. 

Stodola observed also that in any nozzle the pressure usually 
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falls in the vicinity of the throat to considerably less than the 
discharge pressure, with a sudden rise immediately after the fall. 
This effect is shown by pressure curves in Fig. 26, plotted from 
Stodola’s data taken in a 
divergent nozzle like the one 
represented at the top of this 
figure. Similar effects, only 
more pronounced, observed in 
a straight non-expanding noz- 
zle with rounded inlet are 
shown in Fig. 27. Here also 
a sudden drop below the dis- 
charge occurs; and, pecu- 
liarly, the point of depression 
progresses along the axis of 
the nozzle as the pressure de- 
creases. Very pronounced os- 
cillations are set up which 
extend even into the exhaust 
Fic.26. Experiments with an Expand- Ss Sia for a distance of about 
ing Nozzle Showing the Effect of Vary- One and a half times the 
ing the Final Pressure. length of the nozzle. The 
oscillations are apparently 

most violent for the middle range of pressure, and tend toward a 
minimum when the lower pressure approaches a perfect vacuum. 

In the divergent nozzle, however, there appear to be no internal 
oscillations of pressure after those at the throat have died out. 

The size and most likely also the shape of the external space 
has a considerable effect on these oscillations of pressure. 

Jude states in this connection that there is a greater loss in 
velocity, due to oscillations or eddies, in a square or rectangular 
nozzle than in a circular one. Recent experience with nozzles 
of this type does not bear out this statement, except in the case 
probably of square or rectangular nozzles with no rounding at 
the edges. An efficiency of 97 per cent. is not unusual for prop- 
erly designed square and rectangular shaped nozzles without any 


Pressure Lbs. per Sq.In. Abs, 


Inches from the end of the Nozzle 
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“square”? edges; and circular nozzles have certainly never 
given 99 per cent. efficiency. 

Under- and Over-Expansion. The uk 
best efficiency of a nozzle is obtained Lo 
when the expansion required is that for 
which the nozzle was designed, or when 
the expansion ratio for the condition of 
the steam corresponds with the ratio 
of the areas of the mouth and throat of 
the nozzle. A little. under-expansion 
is far better, however, than the same 
amount of over-expansion, meaning 
that a nozzle that is too small for the 4 
required expansion is more efficient Inches from Mouth 
than one that is correspondingly too Fic. 27. Experiments with 
large.” Fig. 28 shows a curve repre- ot gt re ee ee, 
senting average values of nozzle loss varying the Final Pressure. 
used by various American and European 
manufacturers* to determine discharge velocities from nozzles 
under the conditions of under- or over-expansion. This curve 
will be referred to again in connection with the design of blades 
and is very useful to the practical designer. 

Non-expanding Nozzles. All the nozzles of Rateau turbines 
and usually also those of the low-pressure stages of Curtis turbines 
are made non-expanding; meaning, that they have the same area 
at the throat as at the mouth. For such conditions it has been 
suggested that instead of a series of separate nozzles in a row a 
single long nozzle might be used of which the sides were arcs of 
circles corresponding to the inside and outside pitch diameters 


a 
Ss 
Ss 


Pressure Lbs. per Sq.In. Abs. 


* It is a very good method, and one often adopted, to design nozzles so that 
at the rated capacity the nozzles under-expand at least 10 per cent, and maybe 
20 per cent. The loss for these conditions is insignificant, and the nozzles can 
be run for a large overload (with increased pressures) in nearly all types without 
immediately reducing the efficiency very much. This applies especially to tur- 
bines governed by cutting out nozzles in the first stage (see page 277) and with no 
control of the nozzles in the other stages. Under-expansion due to a throttling 
governor is also an important condition affecting the efficiency of nozzles. 
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of the blades. Advantages would be secured both on account of 
cheapness of construction and because a large amount of friction 
against the sides of nozzles would be eliminated by omitting a 
number of nozzle walls. Such a construction has not proved 
desirable, because by this method no well-formed jets are secured 
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Fic. 28. Curve of Nozzle Velocity Loss. 


and the loss from eddies is excessive. The general statement 
may be made that the throat of a well-designed nozzle should have 
a nearly symmetrical shape, as for example a circle, a square, etc., 
rather than such shapes as ellipses and long rectangles. The 
shape of the mouth is not important. In Curtis turbines an 
approximately rectangular mouth is used because the nozzles are 
placed close together (usually in a nozzle plate like Fig. 114) in 
order to produce a continuous band of steam; and, of course, 
by using a section that is rectangular rather than circular or 
elliptical, a band of steam of more nearly uniform velocity and 
density is secured. 

Fig. 29 shows a number of designs of non-expanding nozzles 
used by Professor Rateau. The length of such nozzles beyond 
the throat is practically negligible. Curtis non-expanding noz- 
zles are usually made the same length as if expanding and the 
length is determined by the throat area. 

Materials for Nozzles. Nozzles for saturated or slightly super- 
heated steam are usually made of cast bronze or brass. Gun 
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metal, zinc alloys, and delta metal are also used. All these 
metals have unusual resistance for erosion or corrosion from the 
use of wet steam. Because of this property as well as for the 
reason that they are easily worked with hand tools* they are very 
suitable materials for the manufacture of steam turbine nozzles. 
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Fic. 29. Rateau Non-expanding Nozzles. 


Superheated steam, however, rapidly erodes all these alloys and 
also greatly reduces the tensile strength. For nozzles to be 
used with highly superheated steam, cast iron is generally used, 
and except that it corrodes so read ly is a very satisfactory mate- 
rial. Commercial copper (about 98 per cent.) is said to have 
been used with a fair degree of success with high superheats; 
but for such conditions its tensile strength is very low. Steel 
and cupro-nickel (8 Cu + 2 Ni) are also suitable materials, and 
the latter has the advantage of being practically non-corrodible. 


* Nozzles of irregular shapes are usually filed by hand to the exact size. 


CHAPTER IV. 
STEAM TURBINE TYPES AND BLADE DESIGN. 


ALL the types of both water and steam turbines are commonly 
divided into two general classes, designated by the descriptive 
terms impulse and reaction. Without further explanation, these 
terms, as they are used in turbine practice, would be very mislead- 
ing, because practically all commercial types of steam turbines 
operate by both the impulse and the reaction of steam. Long 
usage, however, has determined the accepted meaning of these 
terms and it is useless now to try to change them. Briefly, the 


Fic. 33. Impulse of a Jet Exerted on a Flat Surface, 


physical phenomena known as impulse and reaction will first be 
described, to be followed by an explanation of the technical sig- 
nificance of these terms as they are used by engineers. 


In all important commercial types of steam turbines the blades 
60 
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are moved by both the impulse and the reaction of impinging 
steam jets issuing from nozzles (see Fig. 2) or passages essentially 
equivalent to nozzles. According to the older school of scientists, 
who have handed down to us the classification of turbines men- 
tioned above, an impulse is a force acting in a “‘ forward ”’ direc- 
tion, and a reaction is a ‘“‘ backward” force, relative to the 
impulse and equal to it in magnitude. Fig. 33 is a simple con- 
crete illustration of both impulse and reaction. A suspended 
tank filled with water is shown from which a jet issues through a 


Impulse and 
Reaction Forces 


Fic. 34. Impulse of a Jet Exerted on a Curved Surface. 


result of the pressure due to the jet, the board will obviously move 
to the right. As the jet issues from the nozzle it exerts at the 
same time a reaction on the tank causing it to move to the left.* 


* The pressure on the walls of a tank at any point depends on the height of the 
water above that point (“the head’’) and upon the density of the fluid. When 
a fluid escapes from an opening in the tank there is no resistance at that point to 
pressure, and the unbalanced force exerted on the walls directly opposite will 
tend to move the tank in the direction opposite to that of the escaping jet. The 
greater the “head” and the density the greater will be the velocity of the issuing 
fluid and the reaction on the tank. This explanation of reaction is given here merely 
to show the “ nature ” of the phenomenon which physicists call “reaction.” Many 
engineers think it best to regard as reaction only the force developed as ‘a con- 
sequence of the generation of velocity at the expense of pressure in the moving 
element. ; 


62 THE STEAM TURBINE 


Fig. 34 is intended to show the significance of impulse and 
reaction as they are used in regard to turbines. In this case 
water from the tank impinges against the curved surface of a 
wooden block, and before it leaves this surface it is turned back 
upon itself through an angle of 180 degrees. The block is there- 
fore acted on by two forces simultaneously, both tending to move 
it to the right. When the jet first strikes the surface of the block 


Fic. 35. Impulse Wheel with Blades Fic. 36. Impulse Wheel with 
of “Single Curvature.”’ Blades of “ Double Curvature.” 


an impulse force tends to move it, and when leaving, there is acting 
ina “‘ backward ” direction a reaction equal to theimpulse. If the 
jets represented in the two figures have the same velocity and 
density, and frictional losses are neglected, the pressure on the 
block in Fig. 34 will be twice as great as on the board in Fig. 33. 

Fig. 35 shows a nozzle and a blade wheel in which the blades 
have a “ single curvature”? as compared with the curved surface 
in Fig. 34; that is, the steam in its passage through the blades is 
not “turned back on itself,’? or in other words, the curvature 
of the blades is less than go degrees. If this wheel were held 
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stationary so that the blades could not move, the steam would 
leave them in a direction nearly parallel to the shaft. The only 
force, therefore, that is effective for moving the blades is the 
impulse. 

Fig. 36, on the other hand, shows blades with nearly 180 degrees 
curvature which turn the steam back on itself on leaving. The 
wheel is thus moved first by the impulse force of the steam exerted 
on the blades in the direction of flow, and then by its reaction. A 
blade turning the steam through less than go degrees like the one 
in Fig. 35 will exert only about half as much pressure as one turn- 
ing the steam through nearly 
180 degrees like the one in 
Fig. 36. 

A turbine wheel which 
would be called a reaction 
type is shown in Fig. 37. It 
differs from the one in Fig. 36 
chiefly in the blade section B, 
shown at the top of the draw- 
ing. In this type the expan- 
sion of the steam in the noz- 
zle is only partial, and the 
blades are made so that part 
of the expansion occurs in 
them. In the types shown 
in Figs. 35 and 36, on the 
other hand, all the expansion => 
is in the nozzles, with no ex- 
pansion at all in the blades.* 

The amount of expansion of the steam in the blades marks, 
therefore, the essential difference between the two important 
types of steam turbines illustrated by Figs. 36 and 37. In im- 
pulse turbines there is no expansion in the blades, while in 
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Fic. 37. Simple Reaction Wheel. 


* The turbine wheel illustrated in Fig. 37 is not, however, typical of commercial 
“reaction”’ types in which there are sometimes as many as 60 to 80 pressure stages. 
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reaction turbines “ expanding ” blades are used, with the result 
that some of the kinetic energy of the steam is changed to 
velocity in flowing through them. 

From the explanation that has preceded it is obvious that both 
of the types represented by the last two figures operate by both 
impulse and reaction. 

Impulse and Reaction of Fluids. The kinetic energy of a 
fluid jet discharging from a nozzle may be regarded as produced 
by a constant impulse force I acting upon a weight W of the 
fluid discharged for one second. During this second the velocity 
has changed from zero to V feet per second and has gone through 
a space of 4 V feet. The work done by this force in producing 


the kinetic energy (K foot-pounds per second) is I x Y, which 


is equal to K or 3 


We have then i = . 
2 2g 
To ee 
g 


In practice the principal distinguishing feature of reaction turbines is the applica- 
tion of stationary blades for partially expanding the steam. The rest of the ex- 
pansion takes place in the moving blades. 

It is sometimes stated, although inaccurately, that the angles of the moving 
blades may be used as a criterion for distinguishing the two types. According to 
these authorities, the moving blades of impulse turbines are symmetrical like Fig. 36, 
and those of reaction turbines resemble in contour those of Fig. 37. In many 
cases the rule could probably be applied, but there are also many exceptions. There 
are some blades made for Curtis turbines which are not nearly symmetrical, and 
no one would call a Curtis turbine a reaction type. 

The difference between impulse and reaction turbines can be very easily shown 
experimentally by putting a pressure gauge between the nozzle and the wheel. In 
the impulse type, because the expansion is completed in the nozzle, it will be found 
there is no drop in the pressure of the steam in passing through the blades; but in 
the reaction type the gauge will record a higher pressure than that in the casing. 

As these words “impulse” and “ reaction” are used at the present time there 
is really little connection between the usual meaning of the words and the ideas 
they are to convey in regard to steam turbines. Actually all commercial steam 
turbines work by impulse and by reaction. A German writer has used instead 
of “impulse”? and “reaction” the more accurate words, “ gleichdruck ” and 
“ ungleichdruck,” meaning “ equal pressure” and “ unequal pressure,” which to 
the author seem much more appropriate. 
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In the first principles of physics it was learned that impulse 
and reaction were “ equal and opposite,” so that if the reaction 
WV 

& 

Example. If the vessel shown in Fig. 33 discharges 10 pounds 
of water per second at a velocity of 322 feet per second, what is 
the force I (impulse) pushing the wooden block away from the 


is represented by R in pounds, then R =I = 


vessel? Ans. too pounds.* 
Also what is the force R (reaction) pushing the vessel itself 
toward the left? Ans. 100 pounds. 


Example. If water is discharged against flat blades of a 
water wheel made up of vanes similar to the block shown in 
Fig. 33 at the rate of 32.2 pounds per second at a velocity of 
200 feet per second and is spattered from the wooden blocks 
with a “residual” velocity (leaving the vanes) of 100 feet per 
second, what horsepower is this water wheel capable of devel- 
oping? 

Solution. Calling the “ residual ” velocity V2 we have 


2 2 eae 2 
K= LEONE BSE ect 15,000 ft.-lbs. per sec., 


15,000 
or = — 2 2797 NOYSepOwer. 


55° 

WV? 
2g X 550° 
if the water is discharged at zero velocity. We have (in this 


The maximum theoretical horsepower of the wheel is 


32.2 200" 20,000 

case) Dee Nae eae or 36.36 h.p. 
The efficiency of the (blades of this) water wheel is therefore 
Dy} 
36.36 
Example. Steam discharges from a nozzle at the rate of 
3.542 pounds per second with a velocity of 4000 feet per second 
against the blades of a steam turbine and leaves them with a 


= .75 or 75 per cent. 


* Tt is assumed that the water leaves the block with practically no velocity, 
that is, all the velocity is absorbed in producing the impulse force. 
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velocity of 1000 feet per second. Neglecting frictional losses, 
what is the maximum horsepower that this turbine wheel can 
develop? Calculate the efficiency (percentage) of the blades in 
this turbine. Ans. 1500 horsepower; 93-75 per cent. 

Example. The steam discharging from the blades of the 
turbine wheel in the last exercise is finally directed upon the 
blades of a second turbine wheel. Assuming there has been no 
loss of velocity in passing from one turbine wheel to the other 
and that the steam leaves the second one at 100 feet per second, 
calculate the maximum horsepower that could be developed in 
this second turbine wheel and the efficiency of its blades. 

Ans. 99 horsepower; 99 per cent. 

Example. If we consider the two turbine wheels mentioned 
in the two preceding exercises as combined in a single turbine, 
what would be the total horsepower of the turbine and the 
over-all efficiency if frictional and other losses are neglected? 

Ans. 1599 horsepower; 99.94 per cent. 

Suggestion. The same result could have been obtained by 
calculating the total kinetic energy of the combined wheels, 
using V = 4ooo feet per second, V2 = 100 feet per second and 
W = 3.542 pounds of steam. 

Example. Remembering that impulse and reaction are equal 
and opposite, what is the force of the reaction against the plate 
supporting the nozzle required to give a velocity of 4000 feet 
per second to a flow of 3.542 pounds of steam per second? 

Ans. 440 pounds. 


Suggestion. Reaction = impulse (J) = i 

Example. The area of a nozzle is .322 square inch. How 
many pounds of steam per second having a density of .144 pound 
per cubic foot must be discharged from the nozzle in order to 
exert a pressure of 90 pounds against a plate suitably designed 
to turn away the steam with zero velocity? Ans. .966 pound. 

Suggestion. In this case all the velocity is absorbed in produc- 
ing the pressure (impulse) upon the plate. 
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Substituting the values given in the example and substituting 
in the equation for impulse, we have 


Wa tet ET .000322 V, 
144 


and since the impulse is 90 pounds, we have 


.oo0o1 V? = go pounds 
V? = 9,000,000 
V = 3000 feet per second. 


Substituting this value of V in the equation at the top of the 
page, 
W = .000322 X 3000 = .966 pound per second. 


Example. Steam of the same density as in the preceding 
exercise discharges at the rate of 3478 pounds per hour and pro- 
duces a reaction against the plate into which the nozzle is in- 
serted of go pounds. What is the velocity of discharge? 

Ans. 3000 feet per second. 


EXAMPLES OF IMPULSE TURBINES. 


A simple impulse turbine is represented by diagrammatic draw- 
ings in Fig. 38. In the shaded drawings in this figure, ‘‘ Section 
A” is made by a plane cutting one of the blades and: passing 
through the center of the shaft. The other view, ‘“ Section B,” 
shows a section made by a plane parallel to the shaft and passing 
through the center of one of the nozzles in the turbine. In the 
same figure, Curve I shows the decreasing pressures in the nozzle 
and the constant pressure through the blades. Curve II shows 
similarly the velocity changes. In the nozzle the steam velocity 
increases as the pressure falls, while in the blades the velocity 
of the steam is absorbed in moving the wheel. This simple im- 
pulse turbine represented by these diagrams is typical of the origi- 
nal and simplest De Laval type. (See pages 176 to 183.) These 
turbines have always a single set of nozzles and one row of blades. 


—» Pressure 


— Velocity 


Velocity Triangles 


Fic. 38. Diagrams of a Single- 
stage Impulse Turbine. 
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Impulse Turbine with 
Two Velocity Stages. 
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In Figs. 38, 39, 40, and 4r illustrating the important types of 
steam turbines, the direction of the flow of the steam is marked 
by the symbol ™— and the motion of the blades by h—>. The 
moving blades are shown by solid black to distinguish them 
from the stationary blades, which are indicated by cross-hatching. 

A modification of the simple impulse type is shown in Fig. 39. 
The drawings marked “Section A” and “Section B” show a 
turbine with two moving blade wheels and a set of stationary 
“intermediate ” blades. The stationary blades are merely guides 
for changing the direction of the steam so that it will enter 
the second set of moving blades at a suitable angle. Two blade 
wheels are used instead of one in order to make it possible to use 
efficiently a lower peripheral speed for the moving blades. The 
reasons for this statement will be discussed in another part of 
this chapter. The curves at the top of the figure show, graph- 
ically, the relation between pressure and velocity. Curve III 
shows the sudden fall of pressure in the nozzle and the constant 
pressure through the three rows of blades. Curve IV shows first 
the rapid increase in velocity as the pressure falls, and then the 
gradual loss of velocity in the moving blades as it is given up in 
doing work. Velocities represented in Curves II and IV are 
drawn approximately to the same scale. A comparison shows 
that the reduction in velocity of the steam in the first wheel as 
represented in Curve IV is only about half that for the single wheel 
in Curve II. The arrangement of blades represented in Fig. 39 
makes possible comparatively low blade speeds with initially 
high steam velocities. This method of increasing the number of 
rows of blades is often used with three rows of moving blades and 
two ‘‘intermediate”’ (stationary) rows; and even four rows of 
moving blades have been used. Not much advantage, however, 
has been shown from the use of the third and fourth rows of 
moving blades, and this construction has been generally abandoned. 
Turbines of this type are often spoken of as having velocity stages, 
the number of velocity stages being the same as the number of 
rows of moving blades. 

The Curtis turbines, made by the General Electric Company, 
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are the best examples of the type illustrated by Fig. 39 with 
several rows of blades following a set of nozzles. In the latest 
designs of the larger sizes of these turbines there are two rows of 
moving blades and one set of “‘ intermediate ” blades for the first 
set of nozzles, so that the arrangement shown in Fig. 39 is typical 
in these designs.* 

In Fig. 40 another distinct type of steam turbine is illustrated. 
The left-hand half of this figure represents a single impulse wheel 
as in Fig. 38 and the right-hand half is practically a duplicate of 
that on the left. In this construction each of the halves —a 
single nozzle or set of nozzles with the blades following — is 
called a pressure stage, or very commonly it is called simply a 
stage. The difference between the operation of this turbine and 
the single impulse wheel in Fig. 38 is best shown by comparing 
the pressure and the velocity curves at the top of the two figures. 
In Curve I, showing the pressure for the single impulse wheel, the 
steam drops from the boiler pressure to that of the exhaust in a 
single nozzle, that is, in a single stage. In Curve V of Fig. 40 
there is about equal reduction of pressure in each of the two 
nozzles, and the velocity change, as Curve VI shows, is about 
the same for each of the two stages. This figure represents, 
diagrammatically, a number of types that are more complex. 

It should be mentioned here that there are often two or more 
groups of nozzles and blades, each like Fig. 38, in succession (cf. 
Fig. 113). Each of these groups is then called a stage. In 


* The blades shown in “Section A” of Fig. 39 have the same height on the 
“entrance” and “exit” sides. It is, however, a very common practice to make 
the “exit” side of the “intermediate” blades of Curtis turbines a little higher 
than the ‘“‘entrance”’ side so as to increase the cross-sectional area and thus allow for 
the lessened velocity, due to friction and eddies, and thereby prevent “choking” 
in the blades. There is therefore a little expansion in these blades. 

In some makes of steam turbines, the inlet angle of the blade is made several 
degrees larger than that determined by the velocity diagram. This is done to 
permit the steam to enter without striking the rear of the blade as it would if the 
steam pressure falls slightly and steam velocity decreases. Less loss from shock 
results if steam strikes the face of the blade at a slight angle, than when it strikes 
the back of the blade. The former condition is called “over-speeding,” and the 
latter “under-speeding”’ which is unsatisfactory. 
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other words, the first set of nozzles and all the rows of blades up 
to the next nozzle make the first stage, and so on. This last 
arrangement is typical of the Curtis turbines with more than one. 
pressure stage and the various Rateau designs. 


REACTION TURBINES. 


The arrangement of blades in the well-known Parsons turbine 
is illustrated in Fig. 41. This is the typical modern reaction tur- 
bine. There are no nozzles. The steam flows from the boiler 
into the ‘admission space” of the turbine (see ‘‘ Section A’’) 
with practically no velocity. From this space it enters the first set 
of stationary blades, where it expands and attains some velocity 
as the pressure drops. Curves VII and VIII show the change of 
velocity with change of pressure. When the steam leaves the fixed 
blades it enters immediately the first set of moving blades. Here 
it expands again; but at the same time some of the velocity from 
the expansion is taken away, or, in other words, the velocity is 
reduced in moving the blade wheels. ‘The pressure and velocity 
curves show plainly what happens in turbines of this type as the 
steam passes alternately through the fixed and moving blades, 
expanding in every row till it escapes in the exhaust. ‘There is 
here considerable expansion in the moving blades, and conse- 
quently because the pressure is not the same on both sides of these 
blades it is called a reaction turbine. All the other three types 
(Figs. 38-40) are impulse turbines, because the pressure is practi- 
cally the same on both sides of the moving blades. 

We should observe here that all the possible simple combina- 
tions have been mentioned except the case of expansion only in 
the moving blades and with no expansion in the stationary parts. 
Such an arrangement would be feasible but has probably never 
been used. 

In a reaction turbine any two rows of blades, the first stationary 
and the second moving, make a pressure stage. In a Parsons 
reaction turbine there are sometimes nearly a hundred stages. 

Graphical Diagrams of Steam Velocities. A velocity diagram 
representing graphically the steam velocities in the passages of 
each of four types of turbines shown in Figs. 38-41 is represented 
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at the bottom of each of these figures. These diagrams, in the 
shape of velocity triangles, are represented here with the nozzles 
and blades in their proper order. In practical designing, how- 
ever, this pictorial effect is omitted and only the triangles are 
drawn. ‘The lines of these triangles show by their lengths the 
magnitudes of the blade as well as the steam velocities in the tur- 
bine. As all of these triangles are drawn to the same scale, they 
show how different the velocities are in the four types. In each 
case the blade speed (V;) is taken at about the value that has been 
found by experience to give the best efficiency. Such velocity 
diagrams are used by engineers for determining the best relation 
between the velocity of the blades and the velocity of the steam. 
In order to interpret such diagrams intelligently the significance 
of absolute and relative velocities * of the steam must be clearly 


* This distinction between absolute and relative velocities should probably be 
made plainer for those who are unfamiliar with these terms. A thorough under- 
standing of what is meant by absolute and relative velocities is very necessary to 
work intelligently with the velocity diagrams on which the whole theory of turbine 
practice depends. Suppose a train is just moving out of a station at the rate of 30 feet 
per second, and a man standing in the middle of the track behind the train throws 
a ball with a velocity of 40 feet per 
second through the back door of the 
last car. Then a passenger in the train 
will see the ball moving through the car 
at a velocity of only ro feet per second. 
In this case the velocity of the ball, or 
40 feet per second, is its absolute velo- 
city with respect to bodies that are not 
moving, and ro feet per second is the 
relative velocity of the ball in the train. 
In this connection a slightly different 
case should also be considered. Sup- 
pose now the ball is thrown upon a 
boat moving in a stream at a velocity of 
30 feet per second by a man standing 
on the bank at P as represented in Fig. 42. Let us assume the absolute velocity, 
or the velocity with which the ball is thrown, as again 4o feet per second, but that 
now the path of the ball makes an angle of 20° with the direction of the moving boat. 
Then the relative velocity of the ball (Vr) with respect to the direction of the boat is 
shown graphically by a triangle of velocities ABC in the figure, where AC is the 
absolute velocity (V,) of the ball, BC is the velocity of the boat (Vo), and AB is 
the relative velocity (Vr) of the ball with respect to that of the boat. 


FIG. 42. 
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understood. An absolute velocity of a body is its velocity with 
respect to immovable points on the earth. A relative velocity is 
its velocity with respect to points that are also moving. 

The direction of the line representing the velocity of the 
steam relatively to the blades should be such that the lines of 
flow of the steam enter the blade tangentially to the conven- 
tionally straight portion of the back * of the blade (see Figs. 43, 
49, and 50). If the backs of the blades are made to any other 
angle there will be losses due to impact and eddies. 


EFFICIENCY OF THE BLADES OF IMPULSE TURBINES. 


In the velocity diagram in Fig. 38, the initial velocity of the 
steam entering the nozzle is marked Vj, the velocity in the 
throat is Vo, and the absolute velocity of the steam as it leaves 
the nozzle and enters the blades is V2, making an angle @ with the 
direction of motion of the blades. The velocity of the blades 
V;, which is the peripheral velocity of the wheel, produces a 
“relative ”’ velocity of the steam in the blades V2. The angle 
8 shows then the theoretical “ entrance’? angle for. the blades 
that the steam may enter without loss of velocity due to shock 
orimpact. These angles a and # are marked plainly in the draw- 
ing of “Section B.” The relative velocity of the steam leaving 
the blades is represented by V,;. Often the blades for impulse 
turbines are made symmetrical, so that the angle y on the 
“ exit ” side of the blades is equal to the angle 8 on the “ en- 
trance’ side. The absolute velocity of the steam leaving the 
blades is found by geometrically subtracting again the blade 
velocity V;. The velocity of the blades is always subtracted a 
second time, because the direction of the steam has been reversed 
in passing through them. The steam is discharged with the 
absolute velocity V3, which is called commonly the “ residual ” 
velocity. 

Conditions of Best Efficiency. The condition for the highest 
efficiency of this simple turbine (Fig. 38) will now be discussed. 
The same velocities represented at the bottom of Fig. 38 are 
shown again with the addition of an enlarged section of a blade 


* The “ back” of the blade is the side with convex curvature. 
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in Fig. 43. The notation is the same as in Figs. 38-41. Ve and 
V; * are the absolute velocities of the steam entering and leaving 
the blade, of which a shaded section is shown. Vy and V,; are 


Fic. 43. Velocity Triangles for an Impulse Turbine. 


the corresponding relative velocities of the steam as it passes 
through the blade. Now the energy in the steam is measured, 
of course, in terms of its absolute velocity, and is proportional 
to the square of its velocity.t| The energy, then, in a pound of 


2 


: ly ae 
steam entering a blade is de and on leaving is ae . The energy 


taken away by the blades is, therefore, = (V.2 — V3?) Here g 


is the acceleration due to gravity (32.2), and for all practical 
purposes is a constant value. Energy converted into work in a 


* Observe that V2, Vs, Va, etc., indicate absolute velocities, and Vi2, Vis, Vr, 
etc., are relative velocities. This relation should be of much assistance in reading 
the diagrams. 

The order in the use of subscripts follows the method use for the nozzles in the 
preceding chapters. The subscript 1 is still used to represent the initial condition 
of the steam as it enters the nozzles of an impulse turbine or the first row of sta- 
tionary blades in a reaction turbine, while the subscript o is for the condition at 
the throat of a nozzle. The first “discharge” velocity either from nozzles or 
stationary blades is therefore represented by the subscript 2. 

} See discussion of available (kinetic) energy and velocity, page 24. 
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turbine depends then, theoretically, only on the term (V.2 — V3’). 
This term will have its best value, of course, when V3 is made 
as small as possible. The best theoretical conditions of blade 
speed and steam velocity are shown in the following discussion: 

In practice it is usual to have given (1) the velocity of the 
steam entering the blades; (2) the “ nozzle angle ” (the angle at 
which the steam strikes the blades); and usually in impulse tur- 
bines still another condition, (3) that the entrance and exit angles 
(8 and y) are equal. The velocities that must be considered for 
these conditions are shown in Fig. 43. Here V2 is the absolute 
velocity of the steam entering the blades, the angle a is the “ noz- 
zle angle ” and shows the inclination of the nozzle to the plane 
of the turbine wheel. V, is the peripheral velocity of the blades, 
V.2 and V,3 are the relative velocities of the steam in the 
blades, and V; is its absolute velocity leaving the blades. By the 
conditions stated, V2 and the angle a are known, and we are to 
find the most suitable blade velocity (V,). Also the angle 8 is 
equal to the angle y, although the value of neither of these angles 
is assumed. ‘The velocities V2, V;, and V,. will form one triangle 
of velocities, and still another triangle is made with V,, V,3, and 
V3. The corners of the latter triangle are marked 1, 2, 3, and 
from the geometry of the figure this triangle is obviously equal to 
the triangle 1, 2’, 3, marked by cross-hatching. Now, if we as- 
sume there is no loss of velocity due to friction and shock in the 
blades then V2. = V,3, and the triangle 1, 2’, 3 can then be in- 
verted, and, putting the point 2’ at 2, it can be made to join up 
with the triangle 0, 2, 3 which shows the initial velocities at the 
upper end of the blade. The base o, 1 of the new triangle 0, 1, 3 
is now equal to 2 V, and we can write, by the “Law of Cosines,” 
the equation 


V;? = V2.2 + (2 V;,)? — 2 V2 (2 V;) cosa, (11) 
or V2 — V3 = 4V2 Vz cos a — 4 V;’, 
V.2 — V3? = 4 V; (V2 cos a — V;). (12) 


In this equation the term (V2? — V3’), which is a measure of 
the energy taken away from the steam, is greatest when 4 V, 
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(Vz cos a — V;) has its largest value; * or we get the maximum 
energy taken from the steam when 


yy, = *Vs COS a, (13) 


which is the condition when the line 3, 1, or V3, is perpendicular to 
V,, that is, when the steam leaves the blade perpendicular to the 
plane of the wheel.{ 

The condition for which the last set of equations has been 
worked out represents the usual conditions in practice. That is 
the “‘ nozzle angle” is usually assumed (about 20 degrees), and 
the blade angles 8 and y are made equal. For this case equation 
(12), above, represents the best blade conditions, with the abso- 
lute velocity of the steam entering the blades (V2) and the 
velocity of the blades (V;) as the only variables. 

We can express the efficiency of the action of the blades by 
dividing the energy taken away in performing work by the energy 
represented by the velocity of the entering steam; thus, 

Energy taken away for work, or the actual work done = 
V.? — V3? 

ae 

Total energy in the steam, which is a measure of the total work 
possible = ae 

2g 
actual workdone __ V2’—V;?__ V.”_ V.’—-V3? 
total work possible 2g 2g V2 ~ (4) 
Now, in equation (12) we have for the best conditions, 
V.2 — V3 = 4 V,(V2cosa — V,). 


* If we make the substitution V.2 — V3; = y, Vp = «, K = Vecosa, then for 
equation (12) we can write y = 4x (K — x) = 4Kx—42. 
For the maximum value of y, 


Efficiency = 


« = 3K, or Vp = 3 Vecosa. 
} Without the calculus demonstration it is obvious that V22 — Vz is largest 
for given values of V2, when V3 is smallest, and this is when the line 3,1 in the 


triangle 0,1,3 is shortest; or, in other words, when the direction of V3 is perpen- 
dicular to the direction of Vp. 
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Then substituting this in equation (14), 


i _ 4 Vo (Vo cos a = Vo) 4Ve V, 
Efficiency = eps (cos a— a (15) 


If, further, the “ nozzle angle ”’ a is 20 degrees, as is so com- 
mon in practice, then 


: 4 Vz ( ve) 
Efficiency = ——|.940 — —}. 16 
y= "y, (194° — 3. (16) 


The only variable left in this equation is the ratio ae and 
2 


it follows then that the efficiency of a single row of blades with 
a given nozzle angle and equal entrance and exit angles for the 
blades depends only on the ratio of the velocity of the blades to 
the velocity of the steam discharged from the nozzle. 

Fig. 43 can be used again to determine the best relations be- 
tween blade speed (Vz), the absolute velocity of the steam en- 
tering the blades (V2), and the angles 6 and y. The following 
relations are obvious: 


Vo? = Ve? + Vie? — 2 :VeVi2 cos (180 — B) (A) 
V3 = /;,2 a V 32 Tae Vo Vie cos Y (B) 
V2 — V3? = —2 VeVi [cos (180 — 8B) — cos y] (C) 


Equation (C) is obtained by subtracting equation (B) from (A) 
and assuming, as before, that V2 = Vrs; that is, neglecting 
blade losses. Putting cos (180 — 8) = — cos, we have 


V.2 — V3 = 2 VeVi (cosB + cos 7). (16a) 


Now the maximum value of V.2 — V3’, which is the measure of 
the energy taken from the steam, is secured, in terms of 6 and y, 
when the product ViVi has its greatest value. It can be 
proved by geometry, or approximately by trial in a triangle 
drawn to scale, that with V, and the angle 6 given the product 
of the sides V; and V,2 will have a maximum value when V; = Vn. 
Now when Vs = Vy the triangle 0,2,3 in Fig. 43 is isosceles and 
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each of its acute angles is} 8. The geometry of the figure gives 


then 
Vi cos B + Vz cos} B = Vo, and 


V2 

b= Speer ye 5 (17) 
We have thus obtained a very simple equation for calculating 
the blading of an impulse turbine; but it must not be overlooked 
that if the entrance and exit angles are not equal, this formula 
must be considerably modified, and the result would not be 

nearly so simple. 
Impulse Force Due to Stream Flow Across Stationary Blades. 
In Fig. 43a a stream of fluid is shown impinging on a blade at 


Fic. 43a. Stream Lines in Turbine Blade. 


A where the direction of flow is horizontal and parallel to the 
contour of the tip of the blade. At A the stream exerts an im- 
pulse I in the direction of flow, and as it leaves the blade it 
exerts a reaction R, parallel to the direction of flow at the other 
end but opposite to the initial direction of flow. The component 
of R in the direction at which the stream enters the blade (hori- 
zontal) is R cos , where 8 is the angle the leaving stream makes 
with its initial direction (horizontal). But since impulse is 
equal to reaction (see page 64), I = R. Consequently the total 
pressure upon the blade due to both impulse and reaction is 


I+ Rcos@ or I(1 + cos). 
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When the stream flow has been turned through 180 degrees 
in its passage over the blade, 6 = 0, cos@ = 1, and the total 
pressure is 27. It has been shown (page 64) that 


WV 


LS = 


and therefore total pressure on. the blade is 
2WV 
g 


Also when 6 = go degrees, as is approximately the case in 
Fig. 33, cos 8 = o, and the total pressure is 


WV 


=-—-—-., 


& 


In Fig. 44 a curve is shown which has been calculated to rep- 
resent equation (16) for varying values of blade speed (V2) and 
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Fic. 44. Curve of Efficiency of an Impulse Turbine with One Row of Blades 
and a Nozzle Angle of 20 Degrees for Varying Blade Speeds. 


with an initial steam velocity (V2) of 3000 feet per second. The 
increase in efficiency with increased blade velocity should be 
observed, and that the highest efficiency is obtained when the 
blade speed (V;) is about half the velocity of the steam discharged 
from the nozzle (V.). This is a good rough-and-ready rule to 
remember. If, then, the steam velocity is 2500 feet per second, 
the peripheral velocity of the blade wheel, for the highest effi- 
ciency, should be about 1250 feet per second. For mechanical 
reasons it is difficult to construct turbine wheels to run at speeds 
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much greater than 500 feet per second, so that many designers 
will generally use low blade speeds to get velocities more suitable 
for commercial application, knowing well that in this respect 
they are sacrificing their highest efficiency. 

In designing blades for turbine wheels the entrance and exit 
angles (8 and y) should always be made as nearly as possible of 
the size determined by the velocity diagrams. If the angles are 
made much different, there isa sudden change in the direction of 
the steam instead of a gradual change, with a consequent loss 
due to shock or impact. 

Efficiency of Velocity Stages. An impulse turbine with more 
than one row of moving blades in a single pressure stage (veloc- 
ity stage type) is represented by Fig. 39. The energy taken 
away from the steam for work, as expressed in equation (12), can 
be readily modified to suit this case. We should have observed 
that each time steam passes through a moving blade the blade 
velocity (Vz) is twice taken away (subtracted geometrically) 
in the velocity diagrams. If there are N rows of moving blades, 


V.2 — Vev42= 4NV2 (V2cosa — NVz).* (12’) 


And similarly (compare with equation 15, page 79), 


; _4NV,(V2cosa—NV,) 4NV, NV; 
Efficiency = coe a eae = oa cos a — wep 
and for a 20-degree nozzle, 
Efficiency = ve (.40 — 22) (18) 


Efficiency of a Simple Impulse Turbine for Given Blade Speed. 
In the discussion of the maximum blade efficiency of impulse 
turbines which has preceded, the velocity of the steam entering 

* This can be shown geometrically very easily by the method illustrated at the 
top of Fig. 43 which will be here drawn for three rows of moving blades. As in the 


other figures, V2 is the velocity of the steam entering the first row of blades and 
V2 = V73; then in Fig. 45 


Ve = V2? + (6 Vz)? — 2 V2 X 6 Vo cos a. 
V2? — Vs = 12 Vo (Vecosa — 3 Vs); and V2 — V2y+2 = 4 NVp (V2cosa — NV»), 


if V is the number of rows of moving blades. 
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the blades was assumed to be known and a suitable blade speed 
was determined in terms of the entrance and exit angles, which 
were assumed to be equal. This is the problem which arises 
when a single-stage impulse turbine is to be designed for given 
initial and final pressures. When, however, an impulse turbine 
of more than one stage is to be designed with a fixed blade speed 
(Vs) of say 500 feet per second,* it is desirable to determine the 


Vo Vp Vo Vo Vb Vo 


Fic. 45 (see footnote). 


pressure drop in the first stage (and probably also in the second 
stage, depending on the action of the valve gear) to obtain the 
highest efficiency in this stage. This is because the best results 
are obtained in most types by getting a larger proportion of 
work from the first stage than from the other stages.} Efficiency, 
therefore, is a more important consideration in this stage than in 
the others. 

We have thus obtained a very simple form for calculating the 
efficiency of an impulse turbine; but it must not be overlooked 


* Many manufacturers have a standard blade speed and all sizes of turbines are 
designed for this standard. The blade speeds of impulse turbines vary from 350 
to 1200 feet per second. The latter figure, it is stated, has been used successfully 
by a European manufacturer. 

{ The reason for designing the first stage for the largest amount of work — from 
25 to 50 per cent. more than in any of the other stages —is most apparent in 
turbines operated by “ cut-off” governing like the Curtis turbines. This method of 
governing permits a constant standard pressure (presumably that giving the maxi- 
mum efficiency) in the first stage at all loads, while with fluctuating loads the 
pressures will vary considerably in the other stages. But there are also other 
reasons for this method; such as getting down the pressure early so as to reduce 
rotation loss in all stages of the turbine and the injurious effect of high temperatures 
on the blades or buckets. Difficulties as regards packing around the shaft at the 
high-pressure end and “ stage leakage” (see pages 101 and 103) are minimized. 
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that if the entrance and exit angles are not equal, and in the case 
of velocity stages if the exit angle of the stationary “ interme- 
diate ’’ blades is not the same as the angle at which the steam is 
discharged from the preceding blades, these formulas must be 
considerably modified and the result would not be nearly so 
simple. It should be observed also that all losses from friction 
and eddies have been neglected. These more practical con- 
siderations are discussed in connection with the examples of 
actual designs of blades on pages ror to 111. 


EFFICIENCY OF THE BLADES OF REACTION TURBINES. 


As in the case of the impulse turbine, the expressions for energy 
and efficiency will now be derived for the reaction turbine, 
assuming again that there are no losses to be considered. We 
must remember that in the reaction turbine there are no nozzles 
for expanding the steam but that the expansion occurs in both 
the stationary and the moving blades, so that as the steam goes 
through the turbine its velocity is gradually and continually 
changing. 

We shall first consider a reaction turbine (Fig. 46) with only 
two sets of blades. As there are no nozzles, the first set is, of 


I 


Fic. 46. Velocity Diagrams for One Stage of a Reaction Turbine. 


course, made staticnary. The steam expands in going through 

these stationary blades and attains the velocity V.* when it 

reaches the first set of moving blades. The relative velocity with 

which the steam enters the moving blades is Vn. Now, in these 

blades the steam is again expanded, so that just before it leaves 

the moving blades its relative velocity is V,3, which is greater thar 
* See note at the bottom of page 76 regarding this notation. 
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Vy. The absolute velocity at which it is discharged from the 
moving blades is Vs, and we have the following energy relations: 
V2? Save ; : 
— = kinetic energy in steam leaving the stationary blades, or 
the kinetic energy entering the moving blades. 
V3 = V2? 
2g 
V3? 


Ze = kinetic energy carried away in the discharged steam. 


= kinetic energy developed in the moving blades. 


The actual work done on the moving blades is W, = (kinetic 
energy of the steam entering the moving blades) + (kinetic en- 
ergy developed in the moving blades) — (kinetic energy carried 
away), or 

2 Bias 2 2 
Wie Dio et ae (A) 
28 28 - 28 

If the steam had left the moving blades with zero velocity, and, 
therefore, no energy had been carried away in the discharged 
steam, the energy available for work would be 


ig ES 


, and (B) 
L 
actual work done (A) — V2?+Vis?—Vn?—V3” x 


ar ae total work possible (B) = V2 + Vis?—Vy?_ * (9) 


In the same way the efficiency can be calculated for any number 
of rows of blades. Equation (19) expresses the efficiency for 
only two rows of blades — one stationary and one moving — or, 
in other words, for one stage. We shall now obtain the efficiency 
for three stages, that is, for six rows of blades. ‘The correspond- 
ing velocity diagram is shown in Fig. 47. 


7 2 
eee kinetic energy developed in the first stationary blades. 
2g 


* Efficiency of a single stage approaches its maximum value as V3 is diminished. 
If Vz could be made zero, the efficiency would be roo per cent. 
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Vinnie Ve kinetic energy developed in the first moving 


—”. — kinetic energy in steam leaving the second stationary 
2§ 

blades. 
V8 cz Ve 


28 
blades. 


= kinetic energy developed in the second moving 


Fic. 47. Velocity Diagrams for Three Stages of a Reaction Turbine. 


V 2? 
2§ 
blades. 
Vir — Vee? 
2§ 
blades. 
V3" 
28 
= final residual velocity. 


= kinetic energy in steam leaving the third stationary 


= kinetic energy developed in the third moving 


= kinetic energy carried away in the discharged steam 
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We observe here that the velocities V.3 and Vi3 are not lost 
but represent velocities that can be effective in the succeeding 
stages. For this reason their energies do not enter the discussion 
of efficiency. The actual work in moving the blades is then 


2 ogee 2 2 yo 2 
W, a Zn V23 Vin | Me me V5 Vr4 | 
28 2g 2g 2g 
Ele Ee iis V.7 a ve] c¢ V.3? * 


gee 2g 


Now, in designing a reaction turbine it is desirable to assume 
that the blade velocities and the corresponding angles of the 
blades are the same and that equal steam velocities are devel- 
oped in each of the three stages, so that 


Va= Ven= Va; Vea=Vu= V763 Vig = V5 =Vi7; and Vig = Vig. 


re) V 2” a ce] ees 
Pao al 2g 2g. 


The total energy in the steam available for work in this case is 


3 Vex? wate} 
W.= ee ee aes 


The efficiency is then 


W, 7 Vax" Hie 3 = V2? am 3 Vas" T 
W. Veuve lea io) 


It is clear, then, that in the expression for efficiency the last 
term in the numerator changes its coefficient with the number of 
stages, and we see in what proportion the efficiency is increased 
with the number of stages. 


* In an impulse type it is probable the steam becomes practically “dead” as 
regards velocity before it goes through the next set of nozzles. 

+ Observe efficiency approaches maximum value as Vas (= Vos = Vos, residual 
velocity) is reduced, and also as number of stages is increased. With 50 stages 
the coefficient of this term would be +4 instead of 3. 
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THE MECHANICS AND THERMODYNAMICS OF A STAGE AND A 
GROUP OF STAGES IN REACTION TURBINES. 


The stationary blades of a reaction stage perform the function 
of a ring of converging nozzles, that is, the steam expands 
adiabatically from an initial pressure P, to a lower pressure at 
exit P, and thereby a certain amount of energy E, is made avail- 
able in the form of the kinetic energy of the jet at exit. The 


Fic. 47a. Simple Reaction Blading. 


amount of energy to be thus made available in any row is gen- 
erally settled before the actual designing is begun. 

The reijation between the velocity of discharge V2 and the 
available energy in foot-pounds per pound E, is as already 
stated, 


The velocity Vz of moving blades is made under normal con- 
ditions slightly less than the velocity of discharge of the steam 
V, from the stationary blades. Therefore steam enters the 
moving blades at a comparatively low relative velocity Vi. and 
at an angle 8, somewhat less than go°. (Fig. 47b.) 
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A moving row of blades can be conceived as being a ring of 
converging nozzles through which the steam expands adiabati- 
cally from the pressure P, mentioned above to a lower discharge 
pressure P;* and thereby an additional amount of energy Es is 


Fic. 47b. Velocity Diagrams for Reaction Blading. 


made available by increasing the relative velocity from Vz at 
entrance to V,3 at the discharge, when assuming no frictional 
losses along the blades, thus 
Vis" — Vn? 
28 

Impulse Force due to Stream Flow Across Moving Blades. 
The total ‘‘ tangential” force F on a moving row of blades 
depends on the amount of steam flowing (W) in pounds per 
second, on the relative entrance and discharge velocities (Vn 
and V,3) and on the entrance and exit angles (6 and y). The 


E3 = 


72 


impulse of the stream entering the moving blades is cos B 
(Fig. 43), and similarly when leaving is art then 
F = 7 {Vec0s 8 + Vis cos 7}. (21) 


* The steam pressure P; and density at the exit of the moving row of blades are 
again obtainable directly by means of an entropy-heat chart. See, for instance, 
steam charts by F. O. Ellenwood, published by John Wiley & Sons; and by John 
Morrow, published by Longmans. 
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This formula is deduced from first principles of mechanics as 
applied for the case of an impulse blade. The action of the 
steam jet in propelling the moving blades is the same in both 
the impulse and the reaction. It should be noted that the 
formula gives the actual tangential force acting on the blades, 
provided that friction losses along the stationary and moving 
blades have been allowed for in computing the relative velocities 
Vie and V,3. 

The power transmitted is of course proportional to the product 
of the force F into tangential blade velocity Vs, and is equal to 


WVr 


{VncosB + Vig cos y}. 


Efficiency of a pressure stage is therefore written, 


Ealing Vi(Vin a + V3 cos y) (a3) 


where E is the total available energy in foot-pounds per pound 
of steam corresponding to the total pressure drop in the stage 
considered. ‘The rate of steam flow W through the stationary 
and moving rows of blades is defined by the following relations 
which form the basis of all calculations for the flow of steam 
through nozzles, thus, 


W = ArVod: = A;Viads, 


where A» and A; are the net minimum passage areas in square 
feet at the discharge from the stationary and movable blades 
respectively, d: is the steam density in pounds per cubic 
foot at the discharge from the stationary blades, d3 is the steam 
density in pounds per cubic foot at the discharge from the 
movable blades, and V. and V,3 are the corresponding steam 
velocities (feet per second) as previously defined. This expres- 
sion gives the effective steam flow; that is, the amount of steam 
flowing between the blades and doing useful work. The leak- 
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age steam at the tip of the blades in the clearance space will be 
considered later. It should be noted that the expression 


(V2 cos 6 + V3 cos y)Vs 


: (22a) 


gives the useful output in foot-pounds per pound of steam; and 
that similarly the useful output in B.T.U. per pound of steam is 
given by 

(V2 cos B + Vi3 cos y) Vs : 


gre (22b) 


As already stated above, in using these formulas the relative 
velocities V and V,; at the entrance and discharge sides of the 
moving row are respectively actual values after proper allowances 


Fic. 47c. Illustration of a Practical Example. 


are made for frictional losses in the stationary and moving rows 
of blades. Proper coefficients to allow for these friction losses 
will be given later.. It is sufficient to say here that the kinetic 
energy actually developed in either the stationary or moving 
blades is about .8 to .85 of the available energy, that is 


ee ee a 


fE,=Vi/og, — fEs ie 
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where f is a fraction equal to .8 to .85. The relative velocity 
at the entrance to the moving blade Vn is of course computed by 
means of simple trigonometric formula applied to the velocity 
diagram illustrated in Fig. 46. 

Example. Consider a common blade section (Fig. 47b) for 
both stationary and moving blades, having a discharge angle a 
of 20° and an entrance angle 8 of 70°. Referring to Fig. 47¢, 
the following relations are obvious, 

eave = wae. 2 = pal .... for stationary blades, 
sin 110° sin20°  sin50 
Pala st ee 


: en 1B for moving blades. 
sin I1o° sin 50 


Vo = 1.23 Va, Vr = .446 Va, Vg = 1.23 Vs. 


That is, the ratio of the steam velocity discharging from sta- 
tionary blades to the peripheral blade velocity Vz is 1.23. 

The available energy E, in the steam discharged from the 
stationary blades is 


Vet Gave oo hoes Ve 


Ey = 
i 28 2g f2g 


? 


where f is a coefficient allowing for friction losses along the 
blades. The available energy (£2) developed in the moving 
row is 


el 2 2 
ye Vig Va bak Ve ee E, = 232 Ve 
28 2§ f2g 


Total available energy for a stage E = E, + E;. 

Thus for a peripheral velocity Vz = 350 feet per second and 
f = .81 (corresponding to a velocity coefficient = .9o) the total 
available energy for the stage is 


_ At Xa5o 


SNe ean 6600 ft.-lbs. per lb. of steam (8.45 B.T.U.). 
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The useful output per moving row of blades is 


Ve (Vn cos 6B + Vi3 cos y) Verge Vode 0.158 Va), 130 Ve 
§ § § 


= 5000 foot-pounds per pound of steam. 


Efficiency = a 75.6 per cent. 


6600 


We shall now consider a number (N) of pressure stages as 
illustrated in Fig. 47, where all the moving blades have the same 
peripheral velocity V and the same blade section (the same 
entrance and exit angles). Also all the stationary blades have a 
common section. This is equivalent to saying that all the 
pressure stages have thé same velocity diagram shown in Fig. 46. 
It should be noted that the residual velocity from any moving 
row of blades (except the last) is utilized in the following sta- 
tionary row and all the stages except the first utilize the same 
available energy, H. ‘The pressure and density at the begin- 
ning and end of each row or expansion can again be read directly 
from steam charts assuming adiabatic expansion and following 
a constant entropy line.* This of course presupposes that the 
available energy utilized per stage is known. As already shown 
in the previous example, the available energy per stage for given 
blade angles is in the last analysis proportional to the square of 
the peripheral velocity (V) of the moving blades and is deter- 
mined by it. 

Let & be the available energy utilized per pound of steam in 
any of the stationary blades except the first. 


where f is a coefficient to allow for friction. The available 


* Steam charts like Ellenwood’s (John Wiley & Sons) can be used to advantage. 
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energy in one pound of steam leaving the first stationary row is 


Vi 


EE, = : 
‘2 ef 


The available energy utilized per pound of steam in any of the 
moving rows is 


V3" ae V2 5 
2 of 


Available energy in any stage except the first is 


E; = 


E = Ey+ By =—— {V2 — VP + Vik — Vert. 
2 of 


For any set of blade angles all the steam velocities V2, V3, etc., 
can be expressed in terms of tangential blade velocity V, of the 
moving rows of blades, by means of simple trigonometric rela- 
tions. The available energy E in terms of blade speed that can 
be utilized per stage is expressed also as follows: 


CV 
a ’ 
2 ef 


where C is a constant easily determined for any given set of 
blade angles (see previous example). 
The total available energy for WV pressure stages is 


2 
Spt. 
2 § 


As already stated previously the useful output in foot-pounds 
per pound of steam from one row of moving blades is 


(V2 cos B + Vig cosy) Vo 
gf 
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Therefore the useful output for a number of N moving blades is 


N V2 (V2 cos B + V3 cos 7) 
sf 


The efficiency of the whole group is the ratio of useful output to 
the total available energy, and (neglecting friction) 


(22¢) 


(Viz cos 8 + V,3 cos y) Vs ; 


Efficiency = (23) 


The second term in the denominator shows the influence of the 
residual velocity loss. 

This formula gives the overall efficiency of the stationary and 
moving blades, taking into account not only the loss due to 
residual velocity from the last row but also the friction loss along 
the moving and stationary blades. 

Relation between Blade Height and Rotor Diameter. In 
blading of a given mean diameter D (inches) there are four 
factors determining the height of the blades as follows: (1) aver- 
age actual specific volume of the steam v (cubic feet per pound) 
in the row of blades considered, corrected for moisture or super- 
heat as may be necessary; (2) the peripheral speed of the blades 
V. (feet per second), which is proportional to the revolutions 
per minute; (3) the blade exit angle y (degrees); and (4) the 
actual flow of steam through the blades W (pounds per second). 

For a mean diameter D (inches) of the blading the sectional 
area of the annulus which passes steam into the blades is 
3.1416 D X h (square inches), where h is the height of the blades 
(inches). 

Further, if V, is the velocity of the steam as calculated from 
the available energy, and a constant k is used to represent the 


ratio a , then the area of the annulus (square inches) can also 
Vo 


Wv X 144 


- Correction of this equation should 
kV; sin y 


be written as 


96 THE STEAM TURBINE 


also be made for velocity coefficient ¢ from Fig. 51, page 101, and 
Wv X 144, 

ckV; sin 

The two values for the area of this annulus can then be equated, 


; 2) eo, 
Wv X 144 but V,= 3.1416 D X N 
60 


it becomes 


3-1416D Xh= ae 
. . Wes x he 
3.1416 D Xk =F 6 DX NXsiny’ 
_ Wv X 864 a 
Dis rina? (24) 


when using the approximate value (3.1416)? = to. 

This equation must represent the conditions affecting the 
design throughout the turbine. Data for the determination of 
the right-hand member of the equation are usually available, 
so that it can readily be calculated. Values of blade height h 
and rotor diameter D must then be determined by the “ cut 
and try ” method of calculation; that is, by choosing one value 
and solving for the other. 

For the greater portion of the reaction blading of a steam 
turbine (usually excluding the last rows of the low-pressure 
section) values of k and y are constant and c varies but little, 
so that for practical designing of reaction blading we can write, 


D*h = v X a constant. (25) 


This equation is very useful for calculating intermediate 
heights and diameters in a section of reaction blading, after 
having determined either the first row or the last. 

Velocity Diagrams of Re-entry Turbines. Velocity diagrams 
for re-entry turbines (Westinghouse, impulse type, Sturtevant, 
Terry, etc.) are usually laid out in the same general way as for 
Curtis turbines. Turbines of this type generally have equal 
inlet and outlet angles. The velocity losses in the reversing 
chambers are about the same as in the intermediate blades of © 
Curtis turbines. 
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PRACTICAL DESIGNING OF BLADES. 


In designing blades for steam turbines we must determine with 

accuracy, 
(1) The angles for the edges of the blades. 
(2) The radial height or length of the blades. 

From the preceding discussion of velocity diagrams and blade 
efficiencies it should be clear how the best angles for the edges are 
obtained. It is first necessary to calculate the velocity resulting 
from adiabatic expansion between the limits of pressures in the 
stage for which the blades are intended. Then velocity diagrams 
must be constructed, varying the blade angles if the blade speed is 
assumed till the best efficiency is obtained. This will be when 
the steam leaves the last blades nearly at right angles to the 
plane of the wheel; that is, when the absolute velocity of the steam 
leaving the blades is, in the diagram, nearly perpendicular to the 
line showing the blade velocity (see pages 76 and 78). 

Design of Blades for Impulse Turbines. We shall continue with 
the discussion of the design of blades is an impulse turbine with 
nozzles and with a single row 
of blades, assuming now that 
the entrance and exit angles 
(@ and y) have been deter- 
mined. We shall assume also 
that the total area of the noz- 
zles at their largest section has 
been calculated as it has been 
explained on pages 44 to 49. 

To avoid losses by eddies, 
nozzles are often arranged in 
groups placed symmetrically 
with respect to the periphery Fie, 48, Diagram Showing Location of 
of the blade wheel. Usually Nozzles in a Diaphragm, 
the nozzles would be arranged 
in two groups diametrically opposite in a circular plate, called a 
diaphragm, as in Fig. 48. We shall assume that each nozzle 
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group covers one-fourth of the circumference of the blade wheel. 
Then if the blades in the wheel were removed so that they 
could not obstruct the flow of steam, the area through which 
the steam can pass is approximately {Dh for each nozzle 
group, where D is the mean diameter of the blade wheel and h is 
the height of the opening from which the blades have been re- 
moved. When, however, there are blades on the wheel the 
height h must be increased, because the effective area for the 
passage of steam is reduced. 

Fig. 49 shows two views of a small segment of a blade wheel. 
The pitch of the blades is marked p and the blade angle is 6. If 
there are no blades, the area for the passage of steam in a length 
p is approximately p X h. With the blades in the wheel the 
area is only h X psin§.* It follows then, when we have blades 
under the nozzle groups, that the effective area under each group 
ish X 47D sin 6. If we call A the total area of the nozzles at 
the largest cross-section (mouth) we can write 


A = }7Dhsing + } Dh sin £. 
A =347Dhsin £. 
2A 
~ =D sin B (26) 


For steam at very high velocity the height of the blades as 
calculated will be too small for practical working conditions; so 
that blades less than .25 inch high are not often made. This 
minimum height is determined most on account of mechanical 
difficulties; but steam leakage through the clearance outside the 
blades also becomes excessive when very small blades are used. 

In impulse turbines with only a few stages no effort is made to 
make use of the velocity, as such, of the steam leaving the last 
blades of a stage. This means some loss; and more experimental 
_ work might well be done with the object of showing how this loss 
can be turned to better account. 

Fig. 50 shows how impulse turbine blades are laid out. The 


* It is assumed in such calculations that the thickness of the edges of the blades 
is practically negligible. 
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designer must first decide how wide his blades shall be. For 
turbines of less than roo horsepower the width of the blades is 
often made about 1 inch, increas- 

ing this dimension to about comm << on << 
1.5 inches in turbines of 1,000 eae a8 


SECTION AT CENTER LINE 


horsepower. The pitch or cir- 
cumferential distance between 
consecutive blades is made about 
.5 to .6 of the axial width.* In 
Fig. 50 the pitch is shown by 
the distance between the points 1 
and 2. Hence, when a drawing Fic. 49.. Diagram Illustrating the De- 
of blades is started these points _ sign of Blades for Impu'se Turbines. 

should first be located. At any 

point between 1 and 2 mark another point 3 and through it draw 
a line 3 3’, making an angle with the horizontal equal to the blade 
angle y on that side. Draw 
through 2 a line perpendic- 
ular to the last line and 
intersecting the center line 
of the blades. Mark this 
point on the center line 5. 
Draw through 1 a line par- 
allel to 3 3’ to intersect 2 5, 
at_4.. Withs2as. a ‘center 


draw an arc tangent to 
Fic. 50. Diagram Illustrating the Method 


which completes the 
for Laying Out the Blades of an Impulse ish P 
aie: lower half of the convex 


side of the blade. With 
the same center the concave side of the next blade is drawn with 
the arc passing through 2. The arrows in the figure show 


* The most efficient blade pitch appears to be between the limits of 4 inch and 
1 inch. Between these two values the efficiency of blades made according to 
conventional designs is practically constant. The usual blade pitches are 3, #, 
and % inch. Even for verysmall turbines not much less than }-inch pitch should 
be used. Usually, the length of the longest blades does not exceed xo times its 
width. 
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plainly the center for these arcs. This construction makes the 
“ perpendicular ” width of the steam passage nearly constant. 

Blade Velocity Losses. Various attempts have been made by 
experimenters to determine the velocity losses in blades with 
stationary apparatus, usually by some method of measuring the 
reaction somewhat in the same way as the coefficients given in 
Fig. 28 were obtained for nozzles. Such results, however, are 
not satisfactory for application to designing. Frictional, eddy, 
and impact losses in moving blades are certainly very different 
from what they are in stationary blades. Apparently there are 
only two ways to get good data regarding these losses. Either 
the velocity must be measured between the blades of an operat- 
ing turbine with a Pitot tube or similar device, or they must 
be determined by the “cut and try” method that has been 
generally followed by designers. The latter method is certainly 
expensive and a slow one for obtaining results. It seems, there- 
fore, that more work should be done along the line of the former 
method by the application of the Pitot tube. In the latest designs 
of steam turbines there is no difficulty about getting sufficient 
space for a pressure tube between the blades, as the axial clear- 
ance in large turbines is often as much as # inch. 

Fig. 51 shows values of the velocity coefficients to be applied 
in designing steam turbine blades. Curve A is for blades re- 
ceiving steam from nozzles. Curve B is for stationary blades, 
or for moving blades receiving steam from stationary blades. 
Values of both curves vary with the relative velocity of the steam 
in the blades. The true velocity in the blades is found by mul- 
tiplying the theoretical relative velocity by the coefficient from 
the curves.* The values given by these curves may be taken 
as fairly representative for all the well-known commercial types 

* Values given by these curves were obtained by very careful experimental work, 
using blades one inch wide. The losses are considerably greater in narrower 
blades, with correspondingly lower velocity coefficients. Note that a velocity 
coefficient of .96 is approximately equivalent to an energy coefficient of .92. These 
curves agree well with the determinations made by Rateau, Stevens, and Hobart 
from the analysis of the losses in operating turbines. Designers of Rateau tur- 


bines assume a blade velocity efficiency of 96 per cent. at relative velocities of about 
600 feet per second. Obviously near zero velocity the loss is practically zero. 
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in which the blades have smooth surfaces and the entrance 
edges are made comparatively sharp and at a true angle. These 
curves are intended to be read 
for only two significant figures. 
The initial steam velocities 
in turbines of the Parsons type 
vary from 300 to 700 feet per 
second, in Rateau turbines from 
500 to 1500 feet per second, in 
Curtis turbines from 1500 to 
3000 feet persecond,andinsome , 
single stage types (De Laval) .% 
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The efficiency of Oe ey oer IG. 51. Blade Velocity Coefficients. 
version in the blades of steam Curve A for moving blades following 


turbines varies from 60 to 70 per nozzles. Curve B for stationary blades 
cent.* for sizes from 300 to 3000 or for moving blades following sta- 
Oe ; tionary blades. 
kilowatts,f and is roughly about 
50 per cent. for smaller sizes of impulse turbines down to about 
to kilowatts. Still smaller sizes may have efficiencies less than 
50 per cent., depending largely on the type of construction. For 
any size of turbine, then, the difference between 100 per cent. 
and this efficiency of energy conversion is the loss due to disk and 
blade rotation, leakage, residual velocity, and radiation. 
In a well-designed turbine of say 300 to 500 kilowatts’ capacity, 


Designers of Parsons and Curtis turbines must use somewhat larger coefficients 
(cf. Curve B) for combinations of stationary and moving blades, because stationary 
blades are not as efficient as nozzles. The data for these curves were obtained by 
measuring with modified Pitot tube apparatus the velocity of steam discharged 
from stationary blades of various désigns. The steam was directed upon the blades 
from calibrated nozzles. 

* In stating this efficiency it is assumed that adequate provision is made in 
these turbines to prevent leakage: in impulse turbines, between the diaphragms 
and the shaft “ stage leakage ”; and, in reaction turbines, over the ends of the blades 
through the radial clearance. This leakage loss is as much as Io to 15 per cent. 
in some good commercial turbines. It should be reduced, however, to not more 
than 5 per cent. 

+ A well-known engineer states that the energy efficiency of the gooo to 12,000 
kilowatt turbines installed in New York and Chicago is as high as 80 per cent. On 
a conservative basis, however, about 70 per cent. can be assumed for 5000-kilowatt 
sizes and 75 per cent. for 10,000-kilowatt sizes. 
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the sum of the losses due to friction, disk and blade rotation or 
“ windage,” leakage, residual velocity, and radiation losses is, 
therefore, about 40 per cent. For turbines of from 2000 to 5000 
kilowatts these losses amount to only about 30 per cent. But 
these are not all actual losses. The energy equivalent of each of 
these losses, except that due to radiation, which is very small, is 
immediately converted into heat, and is partially regained in re- 
heating the steam. The sum of these losses actually reheating 
the steam, expressed as a percentage of the total available energy, 
is called the reheating factor. 


DESIGN OF BLADES FOR AN IMPULSE TURBINE. 


Blades are to be designed for a 300-kilowatt turbine to operate 
with steam at 50° F. superheat, at an initial pressure of 165 
pounds per square inch absolute, and exhausting at 1 pound per 
square inch absolute (approximately 28 inches vacuum). Blade 
speed Vz is 500 feet per second at the rated speed 3600 r.p.m. 
It is assumed that the nozzle will be correctly designed for the 
pressure, so that the nozzle velocity loss is 3 per cent. Governing 
is to be accomplished by the method of “ cutting out nozzles ” 
in the first stage (see page 277). By this method a practically 
constant steam pressure is maintained in the nozzles of the first 
stage from light load to overload, and the velocities in this stage 
are at all loads approximately those giving the best blade effi- 
ciencies. In the other stages, however, where the number of 
nozzles open is not controlled by the governor, the velocities are 
variable. For this reason a large pressure drop is to be used 
for this stage,* and to utilize the resulting high velocity efficiently 
there are to be two velocity stages in this pressure stage. A 
reasonable value for the first stage pressure is about 35 pounds 
per square inch absolute. The other stages are to be designed 
for highest efficiency with a single blade wheel in each pressure 
stage. Such a design will be a compound type — the first stage 
resembling the Curtis, and the other stages the Rateau turbines. 

The energy available from adiabatic expansion in the first stage 


* See footnote on page 83. 


STEAM TURBINE TYPES AND BLADE DESIGN 103 


nozzles (as read from the entropy-heat chart) from 165 pounds 
per square inch absolute and 50° F. superheat to 35 pounds per 
square inch absolute is 122 B.T.U. Disk and blade rotation 
losses, leakage between the stages through the clearance between 
the shaft and the diaphragm, and residual velocity of the steam 
leaving the blades amount to 4o per cent.; and it is assumed that 
all this energy appears again as heat produced by disk and blade 
friction, steam impact, eddies, and throttling. There is then 4o 
per cent. of 122 B.T.U., or nearly 49 B.T.U., going to reheating 
the steam. ‘This reheating occurs, of course, at the pressure in 
the first stage (35 pounds). As the result of reheating, the 
quality of the steam in the first stage is changed from .932 to 
.g85, and the total heat of the steam going to the nozzles of the 
next stage is increased from 1103 to 1152 B.T.U. Fig. 52 shows 
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Fic. 52. Entropy-Heat Diagram for the Design of an Impulse Turbine. 


graphically this reheating effect. It serves also to show the 
complete energy distribution as required for this design. In 
each stage, as in the first, the reheating is assumed to be 40 
per cent. 

Since all the stages after the first are to be of the single wheel 
impulse type, it is obvious that a large number of stages will be 
needed in order to absorb the velocity of the steam efficiently. 
In a stage of the single wheel type the velocity of the steam should 
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not be greater than twice the blade speed. Equation (17) 

shows the relation between the steam and blade velocities for 

the highest efficiency, and this equation can be used for determin- 

ing quite accurately the best energy distribution. Because a 

designing coefficient (C) must be inserted to correct for the velocity 

loss in the blades, this equation will now be written 
CV. 


2 cos $B 


= (17’) 
Now the velocity coefficient for single blade wheels is about 
.gs.* The angle 8 is usually about 4o degrees. Blade speed, 
Vz, is 500 feet per second. Then 
a Megat as alae 
-95 

But from equation (2) we have the relation that the available 
energy (E,) in terms of velocity is 


Vv. » 
= alas) 


2 
oe ( = ) = 19.6 BTU. 


223.7 


= 989 feet per second. 


It is shown then that the required energy per stage is between 
19.5 and 20 B.T.U. per stage. The energy distribution with 
reheating (40 per cent.) was calculated with the help of the chart 
for 19.5 and for 19.8 B.T.U. per stage, and it was found possible 
to get almost exactly equal energy distribution with 12 stages 
each of 19.8 B.T.U. between 35 pounds pressure (quality .985) 
and the exhaust pressure 1.0 pound. This distribution is shown 
in Fig. 52. The quality of the steam in each stage is recorded, 
so that the disk and blade friction can be calculated later from 
the formulas in Chapter V. 

* See Fig. 51. To determine an approximate value for this coefficient the 
probable relative velocity must be estimated. If a very large error were made 
in assuming this coefficient it would be discovered as soon as the velocity diagrams 
are made, as the relative velocity and the coefficients can then be accurately deter- 
mined. As a first approximation in this calculation the general principle in impulse 
blading may be assumed as stated on page 81, that for best efficiency in a single 


row of blades, the absolute velocity of the steam entering the blades is twice 
the blade speed Vo. 
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Velocity of the steam discharged from the first stage nozzles 
is 
V. = .97 X 223.7 V122 = 2308 feet per second, 
and that from each of the other stages is 
V,! = .07 X 223.7 V19.8 = 965 feet per second. 


The velocity coefficients given in Fig. 51 have been used to 
lay out the triangles in Figs. 53 and 54. The application can 
be best illustrated by the 
triangles in Fig. 53, show- 
ing the velocities of the 
first stage. 

For constructing the 
triangles in Fig. 53, V2 is 
laid off inclined 20 de- 
grees (the nozzle angle) 
to the horizontal and 
made to scale 2398 feet. 


Vo 
Fic. 53. Velocity Triangles for Two Velocity Fic. 54. Velocity Triangles 
Stages in One Pressure Stage. for a Simple Impulse Wheel. 


To the same scale the blade speed (V;) is laid off for 500 
feet, making the relative velocity (V,,) in the first row of 
blades 1938 feet per second, and the entrance angle (B) of 
these blades is found to be 254 degrees. The entrance and 
discharge angles will be made equal, so that the angle C is also 
254 degrees, determining the slope of the relative velocity (V,s). 
The velocity coefficient taken from curve A in Fig. 51 for a 
relative velocity of 1938 feet is .88, so that V,; = 1938 X .88 or 
1705 feet. Vy) is again laid off in a horizontal direction, and the 
absolute velocity of the steam discharged from the first row of 
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blades (V,) as read by the scale is 1270 feet, and the true dis- 
charge angle (D) is 35 degrees. In order that the steam may 
enter the stationary intermediate blades without shock, the. 
entrance angle of these blades must be also 35 degrees, and the 
discharge angle (£) will be made 20 degrees, the same as the nozzle 
angle. The velocity coefficient is now read from curve B in 
Fig. 51 for 1270 feet,* which is .87, and V, is laid off for 
1270 X .87 = 1105 feet. Completing the triangles, V,, is 662, 
and the entrance and discharge angles Ff and G are each 35 
degrees. The velocity coefficient (read from curve B) is .93, so 
that V,, is 615 feet and the final discharge velocity (V;) is 355 
feet. 

Velocities and blade angles are determined in the same way 
(by applying a velocity coefficient) for the 12 single wheel stages 
as shown in Fig. 54. 

Data and results of these velocity triangles are tabulated 
below for convenient reference: 

Blade Angles and Velocities of First Stage. 

First row (moving): entrance and discharge angles 254 degrees. 

Intermediate (stationary): entrance angle 35 degrees; discharge 
angle 20 degrees. 

Second row (moving): entrance and discharge angles 35 
degrees. 


Vo = 500 V,3= 1938 X .88 = 1705 V,,= 662 
Va = 2398 V,=1370 V,, = 662 X .93 =615 
Vig = 1938 V,= 1270 X .87 = 1105 Veins. 

Blade Angles and Velocities of Second to Thirteenth Stages. 
Single row (moving): entrance and discharge angles 39} degrees. 


V, = 500 Vis = 525 X .96 = 504. 
V2 = 965 Vs = 339. 
V2 => 525 


A slightly higher efficiency could have been obtained if the first 
stage pressure had not been assumed but had been determined 


* In stationary blades the absolute and relative velocities are equal. 
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by a “cut and try” method to get the highest efficiency. If the 
energy for this stage had been a little less, the efficiency would 
have been increased — although an insignificant amount. It is 
a good rule to remember that with a given blade speed, whenever 
the line representing the residual velocity slopes toward either 
side of the vertical, the minimum residual velocity has not been 
found. A higher efficiency could have been obtained also by 
reducing the discharge angle of the intermediate blades. This 
angle is usually made about the same as the nozzle angle (about 
20 degrees in most types). If it is made less than 20 degrees, 
although the apparent efficiency will be increased, there will be 
probably a greater loss than gain on account of the steam spilling 
over the blades. 

Stage Efficiencies. Nozzle efficiency is assumed to be 97 per 
cent., on the basis of the velocity developed. Efficiency of the 
energy conversion in the blades can be calculated from the 
results given by the velocity triangles in Figs. 53 and 54. 

In the first stage the velocity absorbed in moving the turbine 
is the initial velocity (V,) less the residual velocity, (V,), and 
the velocity losses in the blades are (Viz — Vys) and (Vr4 — Vis). 
Then the energy absorbed in the first stage,* or 

Work Done = [V2? — (Vn? — Vig?) — (V3? — V2?) 

— (Vig? — Vrs”) — Vi? + 2 8]. 
Work Done 


Blade Efficiency = Work Possible 


BA eV eV eV Vi Ve 
ul = oes Vere 


Blade Efficiency (first stage) = 
(2398)? — (1938)? + (1705)? — (1270)? + (1105)? — (662)? + (615)? — (355)? 


(2398)? 
Blade Efficiency = 75.3 per cent. 
Nozzle and blade efficiency of the first stage is therefore 
75.3 X Vo7 * = 74.2 per cent. 
* When writing efficiency equations, it must be remembered that efficiencies are 
proportional to the available energies and /o the square of the velocities. 


108 THE STEAM TURBINE 


Similarly for the second stage (also third to thirteenth stages) 
we have, 


eee ee V,. Aes. V 2 
Blade Efficiency = VP Ve Vs = aD 


Vv? 


Zos ae, 2 2 
Blade Efficiency = (965) ee + (504) 


Blade Efficiency = 85.3 per cent. 


Nozzle and blade efficiency of the last twelve stages is therefore 
85.3 X V.97 = 84.0 per cent. 

The combined or ‘total’? nozzle and blade efficiency of the 
turbine, prorated according to stage energy, is, then, 


74.2 X 122 + 84.0 X 19.8 XK 12 
122 + (19.8 X 12) 


Besides the nozzle and blade losses, there are bearing losses, 
including the friction of the gland or stuffing-box on the shaft 
and the power for the governor and oil pumps, amounting to 
about 2 per cent in a turbine of this size.t The radiation loss is 
about 1 per cent, the loss due to leakage of steam along the shaft 
between the stages should not be more than 7 per cent., and the 


= 80.8 per cent.* 


* Although velocity stages do not give as high net blade efficiency, the adoption 
of this type for the first stage makes it possible, because of the /arge available energy 
required for this stage by this method, to make the turbine very economical at light 
loads. By providing a suitable valve gear the number of nozzles open in the first 
stage can be controlled by the governor. (See pages 277-290.) 

T Bearing loss in turbines is usually very small. According to Lasche the fric- 
tion coefficient (f) is 


f=2+tX>), 
where ¢ is the temperature of the bearing in degrees C. and # is the pressure in 
kilograms per square centimeter. The rotor of a rooo-kilowatt Parsons turbine 
weighs about 3000 pounds, and the disks and shaft of an impulse turbine would 
probably weigh less. 

The bearing (journal) friction of a well-designed Parsons turbine is about .2 
per cent., and the total friction loss including governor and oil pump rarely exceeds 
I per cent. 

Stodola’s tests of a Zoelly turbine, with, of course, a much shorter casing than 


that of a Parsons type, show the radiation loss from the casing to be about .7 per 
cent. 


STEAM TURBINE TYPES AND BLADE DESIGN hele) 


actual net loss of heat (“‘ available ’’) due to rotation of disks and 
blades will be about 10 per cent.* The sum of the bearing, 
radiation, leakage, and rotation losses is then about 20 per cent., 
and the efficiency of the turbine as measured by work done at 
the shaft is about 81 per cent. (from page 108) less 20 per cent., 
or about 61 per cent. 

The theoretical steam consumption (water rate) of a perfect 
engine operating with steam at the same initial pressure, super- 
heat, and exhaust pressure is 10.24 pounds per kilowatt-hour.f 
Since the shaft efficiency is 61 per cent., the equivalent steam 
consumption per shaft kilowatt-hour developed in the blades is 
10.24 + .61, or 16.80 pounds. Generator efficiency might be 
assumed to be about g2 per cent. for a good design suitable for 
this high speed relatively to the size, and the steam consumption 
per kilowatt-hour ‘“‘at the switchboard” would be about 16.80 + 
.92 = 18.26 pounds. 

The energy efficiency, neglecting losses, of each stage with a 
single row of blades can be expressed approximately by equation 
(16), thus, 

. _ 4 X 500 HOO\ Ea 
Efficiency = oe (.o40 a Es = 87 (nearly). 

The nozzles for this turbine must be designed to discharge 
at full load 300 X 18.26 pounds or 5478 pounds per hour at 
50° F. superheat. Total “throat area” of the nozzles (Ao) can 
be calculated by equation (5’) for superheated steam, where 

* The actual rotation loss for this design can be calculated by the formulas 
given in the following chapter. But a large part of the “total” loss as calculated 


becomes again available as the result of reheating. The mean pitch diameter of 


the blades is 
500 X 60 


3.1416 X 3600 

+ A kilowatt-hour is equivalent to 2,654,400 foot-pounds or 3412 B.T.U. per 
hour (44,240 foot-pounds per minute). In this case the total available energy 
taken as one expansion is (1225 — 892) 333 B.T.U. per pound of steam, and the 
theoretical steam consumption is 3412 + 333, or 10.24 pounds. 

{ Guaranteed steam consumption would be about ro per cent. more than the 
estimated water rate. It is the usual practice of manufacturers of steam turbines 
and engines to add a percentage of about this value to allow for possible defective 
workmanship in construction. 


or 2.65 feet. 
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D = 50 degrees, F = 5478 + 3600, or 1.52 pounds per second, 
and P; = 165 pounds. Then 


60F (1 + .00065D) _ 60 X 1.52 K 1.0325 _ “ 
A= Pai = (165) = .665 sq. In. 


The valve gear will be designed to open 8 nozzles for the first 
stage at full load, with provision for opening 4 more at overload, 
so that 50 per cent. overload can be carried efficiently by the 
turbine. These nozzles will all be of the same size. Each first 
stage nozzle will have a “throat area” of .665 + 8, or .083 square 
inch. It will be assumed that the section of the nozzle at the 
throat is approximately square (with rounded corners) and that 
its width (in the radial direction with respect to the blade disk) is 
constant from throat to mouth, or is V .083, or .288 inch. 

A calculation should now be made to determine the height 
of the blades to give sufficient area for the passage of the 
steam. For this purpose the length of the nozzles at their 
mouths must also be calculated. It is obvious that a nozzle 
cannot be de- 
signed to be cut 
off at the end 
of the expanding 
portion at right 
angles to its ax- 
3 . is; but an exten- 


Fic. §5. Details of the Nozzle Mouth. _ sion or“ tail” is 
necessary to di- 

rect the steam upon the blades. To avoid spreading the jet 
and making the expansion ratio uncertain, this “ tail” is often 
made non-expanding, so that its wall is parallel to the axis. 
The varying dimensions of the nozzles for this design can be 
determined then from the expansion ratio, which, according to 
the curve in Fig. 21,* is approximately 1.52 for the expansion 
in the first stage nozzles. Area at the mouth is .083 X 1.52 = 
.1261 square inch, but as one dimension is constant, the longer 


* Although the “expansion line” in this figure was calculated for dry saturated 
and wet steam it can be used with sufficient accuracy for cases in which the initial 
superheat is less than 100° F. 
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side of the rectangular mouth is .1261 + .288, or .438 inch 
(marked y in Fig. 55). By the geometry of the figure it is obvious 
that the length z = y + sin 20 degrees, if the nozzle angle is 
20 degrees as it is generally made. Then the length of the 
nozzle mouth opposite the blades is z = .438 + .342, or 1.28 
inches. 

Sufficient area must be provided in the blades to pass the 
steam from the nozzles. The pressure of the steam in the 
blades is 35 pounds per square inch absolute, of which the spe- 
cific volume (dry) is 11.89 cubic feet. The weight of steam 
flowing per second is 1.52 pounds and the volume (~ = .985) pass- 
ing through the blades per second is approximately 11.89 X .985 
X 1.52 = 17.8 cubic feet. This volume and the velocity of the 
steam determine the necessary height (h’) of the blades. Net 
area in square feet between the blades for passing the steam 
from eight nozzles may be written as (8 X 1.28 X h’ X sin 253°) 
+ 144 (see page 98). This area multiplied by the relative veloc- 
ity of the steam in the blades is another expression for the vol- 
ume. Now the velocity of the steam in the blades, on account of 
the frictional losses, is variable. Obviously the blade area must 
be made large enough to pass the steam at its lowest relative 
velocity; that is, when it is discharging from the blades. The 
height of the first row of blades in the turbine (Viz = 1705) is 

oa. 17.8 X 144 = 
ee: 8 X 1.28 X sin 258° X 1705 _ 34 (neatly). 

After the angles and height of the blades * have been deter- 
mined they can be laid out according to the diagram in Fig. 50. 

The effective blade area should be calculated in the same way 
for every row of blades in each of the stages, as it is very impor- 
tant that the blades are provided with sufficient area. 


DESIGN OF BLADES FOR A REACTION TURBINE. 


The rotor of a “simple” Parsons turbine, except for marine serv- 
ices, is made commonly in three sections of different diameters. 


* The other two rows of blades in this same pressure stage are calculated from 
equation above using respectively V, = 1105 (stationary blades) and Vrs = 615. 
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At the high-pressure end of a turbine of this standard type a 
section of small diameter is used, and the intermediate and low- 
pressure sections are made relatively larger to allow for the in- 
creased volume of the steam as it expands in the blades. In 
an impulse turbine, on the other hand, the blade wheels in the 
several stages are usually of the same diameter. This radical 
difference in the type of construction between impulse and 
reaction turbines becomes necessary because of the difference 
in the manner of admitting steam, which results from admitting 
in the reaction turbine high-pressure steam around the whole 
periphery of the rotating part, while in the impulse turbine 
the admission steam is discharged through nozzles, which in 
the high-pressure stages occupy usually only a small part of the 
periphery of the blade disks. 

The passages along the blades in the Parsons reaction type 
are so proportioned that the pressure drop along the stationary 
blades produces a steam velocity which is enough greater than 
the blade speed to overtake the following moving blades. Hence 
a further pressure drop and steam expansion beyond that occur- 
ring in the stationary blades is necessary in the moving blades 
in order to produce the needed impulse to perform work. The 
steam passages along the moving blades are shaped, therefore, 
so as to permit this expansion. 

Because of the expansion of the steam in the moving blades 
there is a difference of pressure between the two sides of every 
blade and every row of blades; thus in Fig. 95, page 201, the 
low-pressure section is at the right-hand side of the illustration 
and consequently the pressure is greater on the left-hand side of 
every row of blades than on the right. It follows then that the 
rotor is subject to an axial thrust,* which must be balanced 
in order to make the unit operative. There is also a leakage 
of steam around the tips of the stationary and moving blades 
which must be minimized. The fact that the steam admission 
is over the complete circumference accounts for the reduction 
of the diameter of the drum toward the high-pressure end, in 


* Tn the example given, this thrust is exerted as a force pushing the rotor toward 
the right. 
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order to obtain blades of appreciable heights and also to reduce 
the steam leakage mentioned above (see.Fig. 112i). The factors 
governing leakage and its influence on design will be discussed 
in detail in succeeding pages. 

The effort to eliminate or reduce the difficulties enumerated 
above accounts for the various designs of reaction turbines now 
on the market. To eliminate axial thrust, the double flow ar- 
rangement shown in Fig. 184 and Fig. 112j has been developed 
for the larger sizes. To avoid small blade heights and to reduce 
leakage and axial unbalance in units of small or moderate size 
(500 to 12,000 kilowatts) accounts for the combined impulse and 
reaction type shown in Fig. 112g. 

The diameter of the low-pressure section of the rotor of a 
reaction turbine is determined by the permissible blade speed 
and the rated speed of rotation (revolutions per minute). With 
a drum construction it is not permissible to adopt peripheral 
speeds for the rotor higher than about 600 feet per second. The 
speed of the rotor (revolutions per minute) will depend on the 
capacity of the turbine, or more particularly, if it is to be con- 
nected to an electric generator, on the allowable speed of the 
generator. ; 

A table * on page 114 gives the rated speeds of a number of 
different sizes of commercial turbines of the Parsons type, some 
of which, it will be observed, are not for the standard frequencies 
of alternating current generators used in America. It is much 
more difficult to design an electric generator with as much 
strength in the rotating field or armature as in the turbine parts. 

The diameter of the low-pressure section of a simple reaction 
turbine is generally made V 2 times that of the intermediate sec- 
tion, and the diameter of the intermediate section is V2 times 
that of the high-pressure section. It follows then that the ratio 
of the blade speeds of successive sections is also V2.4 

The speed of rotation of turbines direct connected to alternat- 
ing-current electric generators is usually determined by the 


* Trans. Inst. of Engineers and Shipbuilders (1905-06). 
+ In some recent American designs this ratio has been increased to more than 1.5. 


See designs on pages 138 to 141. 


II4 THE STEAM TURBINE 


frequency of the alternating current. For the usual frequency 
in America for electric lighting (60 cycles per second) the gen- 
erator must be operated at 3600, 1800, or goo revolutions per 
minute; and for 15 cycles per second the revolutions cannot, of 
course, exceed goo per minute, as a generator cannot be built 
with less than two poles. 


can segs ya tag | 
eet per Second. | 
: 2 N — of /Revolutions 
Normal Output of Turbine. a a. | of Moviaz Be, 
Expansion | Expansion | ancien, 
(Section). | (Section). 
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DEOORMOWALES nie cho ties hee ce eects 125 300 84 1360 
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The English method of designing purely reaction turbines of 
the Parsons type will now be discussed. It will be observed 
that in this foreign engineering practice much lower blade speeds 
are used than in the designs just explained. 

Usually in these English designs with three different diameters 
of the rotor (three sections), the number of rows of blades or 
stages is arranged so that one-quarter of the total work is done 
in the high-pressure section. The intermediate section takes 
also one-quarter of the total work, and the low-pressure section 
one-half. 

Calculation of Number of Stages. The force F on a moving 
blade in the direction of motion is for W pounds of steam flow- 
ing per second, Fig. 55a * as follows: 


= = (V2 cos a + V3 cos 8).f (27) 


* Fig. 55a is constructed on the assumption that the stationary and moving 
blades in a stage are to be similar in outline and angles. The triangles as shown 
at the entrance and exit sides of the moving blade are then equal with corresponding 
angles indicated. (See Morrow’s Sieam Turbine Design, page 114.) 

{ The absolute rather than the relative velocities are chosen for this discussion 
because they are more adaptable ior the simplification of algebraic equations. 


STEAM TURBINE TYPES AND BLADE DESIGN II5 


Work done by W pounds of steam per second is in foot- 
pounds per second per stage, 


= (V2 cos a + V3 cos £) Vj. (27a) 


Fic. 5sa. Diagram for Calculation of Number of Stages. 


Work done per pound of steam in foot-pounds per second per 
stage is, then, 


: (V, cos a+ V3 cos 8) Vs. (27b) 


The following relation is also easily established 
Vi, = Ve cos a — V3 c08 8. 


Work per pound of steam, foot-pounds per second per stage, 
can then be written in the form 


: (V.? cos? a — V3 cos” 8). (27) 


The following trigonometric relations are obvious: 


V. sin a V," sin? a 
. . 9 e 
Vz, Vier 
V.” sin? a 


V3? 
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Substituting this last value in equation (27¢) we have 


Work per pound of steam (foot-pounds per second) 


i ; (V2? cos? a — V3? + V2? sin? a) 
i LVet (cos? a + sin’ a) — Vs" 
¥ : (Vi? — V3’). (274) 


The last equation might have been written directly in kinetic 
energy relations, without the preceding steps. 

Using the right-angled triangle (bed), of which V3 is the hypot- _ 
enuse, 


V3? = V2 sin? Qa + (Vo CoS a — V3)? 
V3? = V.? sin? a + Vo? cos? a — 2 VeVi, cosa + Ve? 
V3? = V2? — 2 VoVi cos a + V3? (27e) 


Substituting (27e) in (27d) there results, 


Work per pound of steam per stage (foot-pounds per second) 


mae — V+ 2 V2Vecosa — Ve") 
Vi 
= : (2 V2 cos a — Vo). (27f) 


The ratio vs is often represented by k, then 
b 


Work per pound of steam per stage (foot-pounds per second) 
Ve" 
iss (2 kcosa — 1). (27g) 


This value can be equated to the mechanical equivalent of the 
total heat available E, or 


3 Diy OC 778 | 


2 
y (@ eos « ~ 2) = == 


where N is the number of stages in the section or the turbine, 
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as the case may be, in which the available energy E, is utilized. 
Solving for N, we have 

E. X 778 X g 
Vi? (2 k cos a — 1) 


N= (27h) 
If the heat drop and the average value of k are assumed to be 
the same in each expansion or stage, and blade angles are also 
approximately constant, then 


NV.” = a constant. (277i) 


Example. Make approximate calculation of the number of 
stages (N) for the high-pressure section of a steam turbine in 
which the heat drop in the section is 200 B.T.U. per pound of 
steam, assuming k = 2.5, cosa = .94, V, = 200, and efficiency 
of energy transformation is 70 per cent. 

Using equation (27h), corrected for efficiency, we obtain 


_ _-7O X 200 X 778 X 32.2 
(200)? (2 X 2.5 X .94 — 1) 


= 23.7. 


Designers of marine turbines usually assume the value of the 
constant in equation (27i) above at about 1,500,000 to 1,600,000; 
but for electric generator service, where much higher peripheral 
speeds are allowable, the value of this constant varies from 
2,200,000 to 2,600,000, depending somewhat on the allowable 
radial clearances. The lower value can be used when the ma- 
chine work is accurate and the designing has been done with 
great care to eliminate unequal expansion between the rotor and 
the casing (see page 132). 

Gauging Blades. It sometimes happens when arranging the 
blading in groups, that a fractional part of a stage is shown by 
the calculations. In such a case two groups may be combined 
into one of about the average height, if in this way a whole 

* Observe that no losses have been allowed for in the discussion of the equa- 
tions leading to this result. In actual calculations of designs a coefficient of effi- 
ciency, usually .70, is inserted in the numerator as in the example following. 
The expression NV;? has useful applications in coordinating results of tests on a 
complete line of machines and in obtaining good approximations of efficiencies for 
new designs. 
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number of rows can be secured. Probably it will then be found 
that one or two of the last rows of blades do not give sufficient 
area for the passage of the steam, and this area is then increased 
by “ gauging ” the blades in both the rotor and casing. This 
“ gauging ”’ is done by forcing a piece of metal — preferably not 
much harder than the metal of the blades — between the blades 
so as to twist them more nearly parallel to the axis. Manufac- 
turers using steel blades have usually special keys made for the 
purpose of twisting the blades by hand both for the purpose of 
“ gauging ” and for changing the blade angles in order to secure 
an accurate balance between the end thrust of the balance pis- 
tons (see page 198) and that of the blades. It is stated on very 
good authority that this twisting of the blades and changing 
the angles for the purpose of balancing end thrust as much as 
5 degrees does not appreciably alter the economy of the turbine. 

In the last rows of the low-pressure section the discharge or 
outlet angle (y in Fig. 47b) is invariably increased beyond the 
calculated value to permit the flow of a large amount of steam 
through the blades without choking and still maintain a constant 
blade height in these rows. It has been shown that the area of 
the passage for steam at the discharge side of blades is xD sin y 
x h,* if blade thickness is neglected. Hence, with constant 
values of D and h, an increase in the value of the discharge angle 
y is an increase in the area for the flow of steam. It is thus 
easily possible to avoid inconveniently long blades in the low-pres- 
sure section by increasing y and keeping the blade height constant. 

It will now be shown how the angles required to maintain 
constant blade height can be calculated if the actual specific 
volume of the steam in the various rows of blading can be deter- 
mined. The volume of steam flowing in cubic feet per second is 
mDsiny Xh X Vn.t And if v is the specific volume of the 
steam and W is the flow through the blades in pounds per second, 


we have VrDh sin y = Wv. (28) 


* See page 98. This is for steam flow over the whole periphery as is customary 
in reaction turbines. 


T Viz is the “relative” velocity in the blades as used in Fig. 47b. 
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For the expansions (stages) in which W, D, and h are to be 
constant, the equation simplifies to 


V2 sin y proportional to v. (28a) 


It is desirable in such cases to have constant values for the 
component of the velocity (V2 cos y) * of the approaching steam 
in the direction of rotation of the blades; that is, in the direc- 
‘tion of Vs. In other words Vz = a constant + cosy. Making 
this substitution, we have 

sin y 


= tan y proportional to v. (28b) 
cos y ; 


When the average value of v is known, in the stage preceding 
those to be gauged, equation (28b) is used to calculate values of 
y for the corresponding values of v of the steam in the gauged 
blades. 

The following example illustrates the method. Assume the 
specific volumes of the steam in the last three stages of a reac- 
tion turbine are respectively 90.5, 143, and 230 cubic feet per 
pound, and that the blade angle for the first row of this group is 
normal (without gauging) and that y = 20°. 

Now represent the discharge angles to be calculated by +’ 
and y”. Then tan y’ + tan 20° = 143 + 90.5 or vy’ = 30° 
(nearly). Also tan y’’ + tan 20° = 230 + 90.5 or y” = 43° 
(nearly). It has been thus determined that the discharge angles 
for the last two rows are to be 30° and 43°. Blades which have 
been adjusted in this way to increase, above the normal, the 
discharge angles are called wing blades. 

Considerations in Designing. An example illustrating the de- 
sign of a commercial type of reaction turbine will now be dis- 
cussed. 

The difficult part and that requiring the best judgment in the 
designing of a reaction type of steam turbine is in determining 
as accurately as possible the volume of steam that will pass 
through the blades for its full capacity; that is, when all the 


* Morrow’s Steam Turbine Design, page 119. Vm cos y is sometimes called 
the “ velocity of whirl’ at the entrance to the blades. 
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valves controlling the admission of steam are wide open; or in 
other words when there is no throttling of the steam pressure. 
It is for this flow that all the blades must be proportioned for 
their best efficiency. It is presumed that for both lighter and 
heavier loads the efficiency and the steam consumption will not 
be so good. In order to determine the volume of steam flowing 
at this condition obviously the actual number of pounds of 
steam to be used by the turbine must first be known. 

As the result of a great deal of study the curve shown in 
Fig. 55b has been developed from data collected in a large part 
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Fic. 55b. Efficiency Ratios for Reaction Turbines. 


by Martin * as applying to a large variety of turbines, but par- 
ticularly to the reaction type. This curve shows by its ordinates 
the so-called “ efficiency ratio,” which is the ratio of the theo- 
retical steam consumption (see page 31) to the actual steam 
consumption (water rate) per kilowatt-hour. The values on this 
curve for values of the coefficient “‘ C ”’ from 110,000 to 120,000 
are for reaction turbines either above 5000 kilowatts’ capacity, 
or else for sizes between 1500 to 5000 kilowatts which have clear- 
ances at the tips of the blades too small for standard prac- 
* Design and Construction of Steam Turbines, 


t+ Values of this coefficient should not be confused with the “constant” given 
on page 117. 
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tice. Many of the turbines of the latter or small sizes did, in 
fact, strip their blades a short time after being put into service. 
Values less than 100,000 are for sizes smaller than 1500 kilo- 
watts. Other things being equal the smaller size turbine should 
have a lower value of the coefficient. Thus for a turbine of 
1000 kilowatts’ capacity the proper coefficient should be between 
80,000 and go,ooo and for a 2000 kilowatt size the coefficient: 
should be about 100,000. In fact the latter value is generally 
used by careful designers of Parsons types for all sizes from 
1500 to 5000 kilowatts, having reasonably large clearances at 
the tips of the blades. 

Practical Example. A reaction turbine with a drum rotor of 
three sections is to be designed to give a rated output of 2000 
kilowatts, operating at 1500 r.p.m. When supplied with steam 
at 165 pounds absolute pressure, roo° F. superheat, and 1 pound 
absolute exhaust pressure (about 28 inches vacuum), the turbine 
shall carry 1o per cent. overload before the by-pass or overload 
valve (see page 307) opens. 

For this design (2000 kilowatts), therefore, the value of the 
coefficient should be 100,000. Ordinates of the curve in Fig. 55b 
show that the corresponding efficiency ratio is about .675. 

The available energy from the entropy-total heat chart from 
the initial conditions of 165 pounds per square inch absolute 
pressure and 100° F. superheat to the final pressure of one pound 
absolute is 1252 — 908 or 344 B.T.U. per pound of steam. 
Dividing the B.T.U. equivalent of a kilowatt-hour, which is 
3412, by the available energy per pound of steam (344) we 
obtain a theoretical steam consumption of 9.92 pounds. This 
theoretical steam consumption divided by the efficiency ratio 
gives the actual steam consumption of the turbine per kilowatt- 
hour as measured at the turbine shaft or 9.92 + .675 is 14.69 
pounds. If we assume 5 per cent. loss for generator and con- 
nections to the switchboard then the steam consumption per 
kilowatt “‘ at the switchboard ” is 14.69 + .95 or 15.46 pounds 
of steam when dry saturated. 

If the steam is superheated, as in this case, the steam con- 
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sumption of reaction turbines is reduced, further, at least 6 per 
cent. for 100° F.* (see page 169), so that the actual number of 
pounds of steam to be passed through the turbine for the condi- 
tions stated for this design is 15.46 X .94 or 14.54 pounds per 
kilowatt per hour “ at the switchboard.” 

The turbine must be designed for a total steam consumption of 
14.54 X 2000 X 1.10 = 31,993 pounds per hour or 8.88 pounds 
per second at maximum output (10 per cent. overload), when the 
admission valve will be wide open so that there is no throttling. 
Then the steam entering the first row of blades will be at 165 _ 
pounds absolute pressure, of which the volume at roo® F. super- 
heat is 3.21 ¢ cubic feet per pound. The volume of steam ad- 
mitted to the turbine per second is 3.21 X 8.88 = 28.50 cubic 
feet, and just as in the design of impulse turbines, the blades 
must be designed for the passage of this amount of steam. 

The blades are designed by determining the entrance and dis- 
charge angles by velocity triangles like those in Fig. 46 after 
the available energy for each stage has been calculated. Some 
designers make their calculations for the rated full load condi- 
tions and not for the maximum output obtained just before the 
stage valve opens. The difference between the two methods is 
that until the maximum output is reached, without opening the 
stage valve, there is obviously some throttling in the admission 
valve,t and when designing for full load conditions this throttling 
must be allowed for. For this reason it is preferable to design 

* Two allowances for superheat are thus made. The steam consumption as 
calculated above was determined by using the theoretical available energy including 


the superheat. The correction which is now made is to compensate for the effect 
of superheating in reducing rotation losses. 

+ Marks and Davis’ Steam Tables and Diagrams. In these tables the specific 
volumes have been calculated by Knoblauch’s equation, which gives considerably 
larger values than equation (9). The results of different investigations do not give 
any sort of agreement, the rate of increase of volume with superheating varying 
as much as too per cent. It is usually stated that the specific volume of super- 
heated steam is 15 per cent. larger for 100° F. of superheat than that of dry sat- 
urated steam. According to Knoblauch’s equation used by Peabody, this per- 
centage is about 17, and according to equation (9) it is about 13. 

{ There is some throttling even in the “blast” or “pulsating” valves (page 
295) used in nearly all types of Parsons turbines. 
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for maximum output when the admission valve must be wide 
open.* The available energy is then calculated by steps from 
the rated admission to the exhaust pressure. This available 
energy might be determined for every stage as it is done for 
designing impulse turbines, but this is unnecessarily laborious, 
as the pressure drop is so small. Approximately the same result 
is obtained by calculating assumed expansions in stages of 10 
B.T.U. with the same reheating factors as would be used for the 
same size of impulse turbine. For a 2000 to 3000 kilowatt size 
the reheating (page 102) should be not much more than 30 per 
cent. Assuming this value, the total available energy as read 
from the entropy-heat chart with reheating for every 10 B.T.U. 
from 165 pounds absolute and 100° F. superheat to 1 pound 
absolute exhaust is 260 B.T.U.f Without considering reheating 
it would have been 343 B.T.U.; but with 30 per cent reheating 
as if in only one “step” it is only 240 B.T.U. The quality of the 
steam in the last stage after reheating “by steps” of 10 B.T.U. 
is .886. 

For this design it will be assumed that in using equation (27i) 

on page 117, 

NV,2 = 2,560,000. 
It has already been stated that the diameters of the sections of 
the rotor of this type of reaction turbine increase as V2; and as 

* The steam consumption at full and fractional loads can be estimated by 
drawing a “ Willans” line of total steam per hour (page 160). Unless the design 
of a steam turbine is radically wrong, usually because of insufficient area of the 
steam passages, which is called ‘‘ choking” the steam, it has been shown by expe- 
rience that the points representing total steam per hour plotted against fractional 
loads will be on a straight line from no load to the maximum output (without a 
stage valve). At no load a Parsons turbine usually takes one-eighth of the total 
quantity required at the normal maximum output. By plotting these two points 
(no load and maximum output) and joining them with a straight line, the total 
steam consumption at all other loads can be read and the steam per kilowatt-hour 
or per horsepower-hour can be calculated with considerable accuracy. 

+ This available energy should be read in the same way as for the design of the 
impulse turbine illustrated in Fig. 52; meaning, that the energy should be obtained 
by subtracting from the total heat at the initial condition of pressure and superheat, 
the total heat at the final pressure, without the last reheating. There are some 
designers of impulse turbines, however, who use the calculated net available energy 
after reheating in each stage; but the problem then becomes very complicated, as 
most of the reheating takes place after the steam is discharged from the nozzles 
or stationary blades. 
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the blade speeds must increase in the same proportion as the 
diameters, the following speeds of the blades will be assumed, 
which are not at variance with good practice: 

V, of first section of rotor = 140 feet per second. 

V, of second section of rotor = 200 feet per second. 

V, of third section of rotor = 280 feet per second. 

The value of peripheral speed, 140 feet per second for the first 
section of the rotor, corresponds at the speed of rotation required 
(1500 revolutions per minute) to a diameter of 

140 X 60 

3-1416 X 1500 
It is stated by Martin that English designers of reaction turbines 
for land service between 1000 and 6000 kilowatts’ capacity deter- 
mine the diameter of the first section of the drum of the rotor d; 
by the following empirical formula based on experience: 

d,3 = 420:000 Wo , 
I.p.m. 
where w is the weight of steam flowing through the turbine in 
pounds per second at maximum output without the stage valve 
being open, and vp is the specific volume of the steam at the con- 
dition it enters the turbine in cubic feet per pound. In this case 
the diameter of the first section of the rotor as calculated by this 
formula would be 
rhe 410,000 X 8.88 X 3.21 _ 
1500 

and d;, is WV 7790 or 19.8 inches, which agrees well with the value 
calculated (21.36 inches) from the assumption of a satisfactory 
peripheral speed. Actually it is better practice and certainly 
more rational to assume a safe peripheral speed than to deter- 
mine the diameter by formulas having important empirical 
coefficients which must vary necessarily considerably with the 
type of the design. Allowable peripheral or blade speeds are 
always about the same for a given speed and type of construc- 
tion. Limits as regards peripheral speeds can be as accurately 
determined as any other problem in the designing of machines. 

A similarly empirical formula is sometimes used by designers | 
of reaction turbines to determine the least permissible diameter 


= 1.78 feet or 21.36 inches. 


779°; 
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of the low-pressure section in the last stage, with the object of 
reducing to a minimum the losses due to excessive residual 
velocity of the steam as it discharges into the exhaust pipe. If 
the diameter of the rotor measured to the middle of the blades 
in the last stage is d, then for this reason (d,)? should be not less 
than .57 X the output when there is no throttling in the main 
inlet valve. In this case then 
d,? > .57 X 2000 X 1.10 (see page 122), 
or d, must be at least 32.07 inches, which corresponds to a periph- 
eral speed of SE Lats Ee 7 or 210 feet per second. 
£2, 60 

The value selected for this stage (280 feet per second) from the 
viewpoint of permissible stresses is well above this minimum 
limit. Blade speeds as high as 600 feet per second are now used 
in some American designs of steam reaction turbines in large sizes. 

Having determined that the conventional blade speeds are 
very satisfactory for this design the required number of reaction 
stages will be calculated in the usual manner as follows: 

If the blade speed of the whole turbine had a constant value of 
140 feet per second, then 

(140)? X N = 2,560,000; N = 128 (nearly). 

As, however, only one-fourth of the work is to be done by the 
first section * operating at this blade speed, the number of stages 


in the first section is ee 32. The value of N for the second 
4 


section is 64; and as one-fourth of the work is done also in this 
section, the number of stages is 16. For the third section W is 
32, and since one-half of the work is done in this section, the 
number of stages is 16. 

Each section of the rotor is commonly divided into two or 
four groups or “ expansions.” 

Reaction turbines are usually designed for equal work (energy) 
per stage for a given section of the rotor. In the high-pressure 
or first section, one-quarter of the work is done, and the avail- 
able energy for each of its thirty-two stages is 260 B.T.U. + 
(4 X 32) = 2.03 B.T.U. Similarly the available energy for 

* See page 114. 
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each stage of the intermediate section is 260 B.T.U. + (4 X 16) 
= 4.06 B.T.U.; and for each stage of the low-pressure section 
is 260 B.T.U. + (2 X 16) = 8.13 B.T.U. It may be assumed 
that about one-half of the available energy in each stage produces 
velocity in the stationary blades and the other half in the moving 
blades. The theoretical angles are determined from velocity tri- 
angles, applying the coefficients from curve B in Fig. 51, by the 
usual methods as explained for impulse turbines. The discharge 
angles for all the stages except the last groups in the low-pressure 
section will be assumed to be 20 degrees. The angles for the last 
stages will be made 45 degrees. It is obvious, of course, that 
the discharge angle is always the same as the “ absolute ” angle at 
which the steam enters the succeeding row of blades. In this 
design no allowances are made for probable “ gauging” of the 
blades to adjust the thrust on the rotor or for other reasons.* 
The velocity of the steam leaving the first row of stationary 
blades in the high-pressure section is about 2257 feet per second. 
A net area of 28.50 cubic feet + 225, or .127 square feet, or 18.2 
square inches, is required to pass the steam. As the discharge 
angles of the blades in the high-pressure and intermediate sec- 
tions are to be made 20 degrees, that value will be taken for this 
design, and the actual area of the blade ring will be approximately 
18.2 + .342,f or 53.3 square inches. 

The blade speed of the high-pressure rotor is 140 feet per 
second,§ so that the mean diameter of the blade ring is 


* It has been stated that some makers of marine turbines who have not had 
much experience in building them will often design turbines to give considerably 
larger output than is intended for the service and then reduce the output to the 
required rating by “ gauging ”’ the blades. 

} Ina reaction turbine the maximum velocity in each stage is attained when the 
steam is discharged from the stationary blades. Although there is expansion also 
in the moving blades, more velocity is absorbed in them than is produced, and the 
velocity of the steam discharged from the moving blades is considerably less than 
225 feet per second. 

{ The total area of the annulus for blades with discharge angles of 20 degrees is 
the net required area divided by sin 20 degrees (see Fig. 49). Practical designers 
often call the sin of 20 degrees one-third and make the area of the annulus three 
times the net required area. 

§ Manufa>turers generally appreciate the gain from operating at high peripheral 
speeds of the rotor. To-day efforts are directed generally by all makers of direct- 


connected turbine-generators to improve the mechanical construction of the gen- 
erator to run at higher speeds. 
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140 X 60 
1500 X 3.1416 
first row of blades on the rotor is approximately 53.3 square inches 
+ 21.4 X 3.1416 = .80 or nearly 43 inch (see table, page 128). 

With full rated pressure in the admission chamber about 7 per 
cent. of the total steam leaks through the ‘‘ dummies ”’ or balance 
pistons * at the high-pressure end of the turbine. This leakage 
as well as that around the tips of the blades through the radial 
clearance is not considered here in the calculations. It is prob- 
able, however, that the amount of this leakage is quite sufficient 
to allow for the thickness of the blades on the discharge side.f 
The volume of the exhaust steam (1 pound per square inch abso- 
lute pressure and .886 quality) is 297 cubic feet per pound. 
Initially the volume was 3.215 cubic feet per pound, so that the 
volume in the last row of blades is 92.5 times that at admission. 
Since one-fourth of the work is done in the blades of the first 
section, one-fourth of the total expansion occurs in them, or the 
volume entering the second section is V92.5,f or 3.10 times the 
original volume. Since the mean diameter is to be made V2 
times that at the high-pressure end and the steam velocity is to 
be also V2 times as great so as to correspond with the increase 
in blade speed (which is V2 times that in the first section. See 
page 113), the height of the blades in the first row of the inter- 

ate, 
V2X V2 
row in the high-pressure section. Similarly the blade height for 
the first row of the low-pressure end will be 1.55 times that of the 
first row of the intermediate section. Each of these sections will 
be divided into four groups or “ expansions.” Since the volume 
is increased four times for each section, the blade height of each 


* Methods of calculating the leakage through the balance pistons and that through 
the radial clearance of the blades in reaction types are discussed on pages 135-139. 
+ Thomas uses a coefficient of 1.5 to increase the area of the blades to allow for 
the thickness at the discharge side. If the blades are made thin at their edges, as 
in good designing, it is not customary to use a coefficient “for the thickness of the 
blades.” 
t Let v = volume at end of third section, 
2 = volume at beginning of first section 
4 = number of expansions, 


then o! = m7, and » = VW’. 


= 1.78 feet, or 21.4 inches, and the height of the 


mediate section will be = 1.55 times that of the first 
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of the high-pressure and intermediate groups will be W 3.10, OF 
1.33 times as large as in the preceding one. 

The calculated blade heights for each of the four groups of the 
high-pressure and intermediate sections are given in the follow- 
ing table: 


Group Number. 
I 2 3 4 
Blade height, high-pressure section 3 I75 igs 1? 
Blade height, intermediate section 14 13 245 232 


Blade heights are adjusted to sixteenths, although in practice 
the nearest eighth is commonly used. 

Because of the long blades in the low-pressure section they will 
be made in eight groups. The height of the first group will be 
1.55 times the height of the first group of the intermediate section. 

The volume entering the third section is W92.5 X V92.5 = 
g.61 times the original volume, and blade height in first row of 
third section is 1.55 X 1.55 X height of first row = (1.55)? X .80 
= 1.9 inches, or approximately 1}# inches. 

Each blade in third section is V9.61 = 1.33 times height of 
preceding one, or the height of second row is 1.33 X 1} or 2.57 
(approximately 21°5 inches). The results are tabulated as follows: 


Group Number. 


rt 2 3 4 5 6 7 8 


Blade height (inches) | 118 2t5 | 325 | 4% | Od 8i to? | 148 


Martin states that at the high-pressure end (in turbines for 
stationary service) it is desirable to limit the blade height to 
not less than one-twenty-fifth (ss) of the drum diameter. If 
the blades are shorter than this the loss by leakage around the 
tips may become excessive. In marine turbines the high-pressure 
blades in the first section are only 7s of the drum diameter. 
On this basis the blade heights might be slightly increased. 
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At the low pressure end of the turbine the length of the blades 
would be considered excessive in practice. It is a rule generally 
followed by designers of reaction turbines not to make the 
greatest blade height more than one-sixth the mean diameter of 
the blades for the section considered. The mean diameter of 
the low pressure section is 21.4 X V2 V2 = 42.8 inches. 
In this case the maximum height would be, therefore, about 7.1 
inches. In order to reduce the length of the blades so that 
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practical requirements shall not be exceeded, the discharge angle 
of the blades must be made greater than 20 degrees. Such blades 
with enlarged “exit” angles are called wing blades. The tangent 
to the curve at the back of the blade on the entrance side becomes 
about go degrees, and at the discharge side 45 degrees instead 
of 20 degrees. As the result of this change, the net area for the 
passage of the steam is .71* (sin 45 degrees) instead of the 
standard “4” + of the annulus without blades. Wing blades 
7 inches long can be used to replace satisfactorily the blades in 
the 5th group; but as those of the 6th, 7th, and 8th groups must 

* In the turbines of the steamer Mauretania, wing blades giving a passageway 


of .86 of the annulus were used, but such a large degree of “‘ winging” is not 


adopted in steam turbines for electric generators. 
+ The sin of 20 degrees is .34, but practical designers take it often for convenience 


in calculating as 4. 
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be made of the same length, these blades will be shorter than they 
should be. This constriction of the steam passage, however, can- 
not well be avoided without making the rotor in four diameters. 

Fig. 56 shows how the blades of reaction turbines are laid out. 
As explanatory of this figure a table is given below showing the 
corresponding dimensions used by one manufacturer. In the 
table data for five standard blades are given for varying discharge 
angles (0) from 20 degrees to 35 degrees and blade widths (w) 
of .25, .375, and .so inch. All the linear dimensions are given 
in inches. f is the entrance angle of the blades. 


Blade Number (Arbitrary). 


I 2 3 4 5 

0 20 20 20 30 35 

79 10° 9° 30’ 14° 30’ z5° 4s! 18° 40! 
w 0.25 0.375 0.50 0.50 0.50 
B 67° 30’ 67° 30’ 67° 30’ 60° 60° 

R 0.485 0.555 0.794 0.804 0.810 
A 0.035 0.045 0.068 0.050 . 0.040 
b 0.020 0.020 0.020 0.020 0.020 
Tey 0.172 0.260 0.342 0.313 0.304 
G 0.049 0.040 0.110 0.147 0.218 
R, 0.070 0.109 0.164 0.210 0.212 
k 0.008 0.010 0.015 0.040 0.056 
m eee a5 0.288 0.280 0.280 
n 0.185 0.280 0.38 0.332 0.330 
i 0.166 0.223 Bee one a 
HT 0.478 0.552 0.770 0.770 0.770 


Another table is given here showing the principal dimensions 
of a 4oo-kilowatt reaction turbine with 3, 4, and 5 groups per 
section. The blade numbers in this table refer to the corre- 
sponding numbers in the table above. This table is partic- 
ularly useful for showing values assumed by designers for the 
blade pitch. It is not considered practicable in this type of blade 
construction to use a smaller pitch than .177 inch when a calking 
tool must be inserted between the blades. Manufacturers have 
usually curve sheets of empirical data from which the pitch and 
other standard dimensions are obtained. 
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FIRST SECTION. 


Number /|Diameter of} Dis- Blade Volume Numb 
¢ tae te é ; Blade : By Blade unger 
ee | red te eer Ye) Bi, | 
a 0.84 20 0.6875 I 4.08 .62 | 0.177 179 
5.6 0.25 127 
2 0.84 20 I.00 I 5.6 62 | 0.1875 169 
7.38 0.2475 128 
3 0.84 20 1.25 I 7.38 62 | 0.172 184 
8.92 0.2175 146 

SECOND SECTION. 
I 1.187 20 0.6875 2 8.92 A || OL 180 
10.63 0.31 116 
2 1,187 20 0.9375 2 10.63 62 0.215 207 
13.8 0.3075 144 
B 1.187 20 1a 2 13.8 .62 0.215 207 
18.8 0.323 158 
4 1.187 20 m5 os 18.8 62 0.208 214 
26.6 0.326 137 

THIRD SECTION. 
I 1.88 20 0.9375 2 26.6 .62 | 0.208 340 
35.8 0.307 230 
2 1.88 20 Tegiz 2 35.8 .62 0.208 340 
52.8 0.339 210 
3 1.88 20 2.00 2 52.8 .62 0.198 358 
83.8 0.355 200 
4 1.88 30 2.75 4 83.8 601) | #0.25 284 
161 55 0.53 134 
5 1.88 30 4.5 4 161 -70 | 0.308 230 
3II .46 | 0.54 131 


Radial Leakage. As the volume of the steam increases, the 
area of the annulus of each ring of blades must, of course, increase 
proportionally. This increased area would be obtained most 
easily, as with impulse turbines, by increasing the blade heights 
in each ring. This method, however, would make it necessary 
to carry as stock in the store-room a great number of blades ctf 
different sizes. In order to reduce the stock of blades and to 
reduce the cost of machining the rotor and casing, it is custom- 
ary to make a group of several rows of blades of the same height, 
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and the required increase in area through each ring of blades is 
obtained by decreasing the number of blades in each succeeding 
stage. The two values of volume, pitch, and number of blades 
given for each group in the preceding table are for the rows at the 
beginning and at the end of the group. 

In the discussion of the design of these reaction turbines it has 
been assumed that each section of the rotor is made of the same 
diameter from the first to the last group. For theoretical con- 
siderations this assumption is permissible, but actually for each 
blade group the diameters of both the rotor and casing are 
changed so that approximately half the increase in blade height 
is cut out of the casing and the other half is taken from the rotor. 
It is usually stated that this is done merely for mechanical reasons, 
but this method has advantages also in order to secure the best 
steam flow. It is well known that steam tends to fill completely 
the passage through which it flows and at the same time expand 
at right angles to its axis of flow. Now if all the expansion is 
made on the casing side of the blades the expansion of the steam 
will increase the leakage around the tips of the blades next to the 
rotor without materially affecting the leakage at the tips nearest 
the casing. 

The leakage of steam around the tips of the blades depends, 
of course, again upon the amount of the radial clearance. Im- 
provement in the design of reaction turbines will be largely 
accomplished (1) by skillful designing and machine work to 
permit the reduction of radial clearances and (2) by increasing 
the blade speed. In fact the question of allowable radial clear- 
ance depends finally on the blade speed. If the blade speed is 
increased it is possible to use higher steam velocities with larger 
pressure drop per stage, and consequently fewer stages. This 

In some Parsons turbines designed for the most economical 
operation, thin bands are attached to the tips of the reaction 
blades, as shown in Fig. 56a. These are called “‘ end-tightened”’ 
blades. By this arrangement of the blades it is possible to 
have large radial clearances. In some Parsons turbines only 
the high-pressure blades are “‘ end-tightened.”’ 
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Tnside of. 
Casing 


Fic. 56a. “ End-Tightened”’ Blades. 


The work done per stage is always much greater in current 
practice in impulse than in reaction turbines. For the same 
total limits of pressure the work per stage is inversely propor- 
tional to the number of stages. 

In general, we may say that mechanical considerations and 
the speed at which machinery can be conveniently operated de- 
termine the size and number of revolutions at which a turbine 
can be run. In a good design about the same total efficiency 
is obtained, whether the turbine is classified as an impulse or a 
reaction machine. 


NOTES ON THE DESIGN OF BLADING FOR COMBINED IMPULSE 
AND REACTION TURBINES. 


The rotor of a modern reaction turbine of moderate size con- 
sists of an impulse wheel with two moving rows of blades (velocity 
stages) followed by an intermediate and a low-pressure section 
carrying reaction blades. The mean diameter of the blades in 
the intermediate section is of course appreciably smaller than 
in the low-pressure section. The low-pressure sections are 
single or double flow, depending on capacity. The peripheral 
velocity of the impulse wheel varies between 400 to 500 feet per 
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second or over, depending on the available energy utilized in 
the first expansion. The higher velocities are used in the 
smaller sizes in order to reduce the steam pressure to a value 
suitable for the following reaction blading. The blade velocity 
at the mean diameter of the Parsons blading in the intermediate 
section is about 350 feet per second and in the low-pressure 
section 500 to 600 feet per second, depending on size and revolu- 
tions per minute. 

The purely reaction turbine for high-pressure steam is often 
preferred in America in very large sizes, 25,000 kilowatts and over, 
in which case the machine may be constructed in two separate 
casings. There are then really two distinct rotors (see Fig. 
112j), the high-pressure rotor having its blading in two sec- 
tions of different diameters and the low-pressure rotor, generally 
double flow, having its blading in one or two sections. The 
blade velocity in the high-pressure rotor varies between 250 to 
300 feet per second and in the low-pressure rotor between 300 to 
500 feet per second. 

Purely reaction turbines are also ideally suitable for either non- 
condensing or low-pressure operation (see Fig. 112i). Very 
efficient units can be built having reaction blading only, for 
non-condensing operation at 3600 revolutions per minute or 
over and in capacities of 1000 to 2000 kilowatts or over. The 
available energy per stage (as explained in previous chapters) is 
proportional to the square of the peripheral velocity of the 
moving blades, and formulas for determining the available en- 
ergy per stage have been given. Having settled on the blade 
velocities in the various sections, the number of stages is deter- 
mined to utilize the complete range of available energy. The 
blade height in each section should of course increase gradually 
toward the low-pressure end. 

In practice, however, the same blade height is maintained 
for a group of 4 to 6 or more stages, as it is found that the 
necessary increase in area to allow for steam expansion can be 
obtained by gauging; that is, by changing slightly the discharge 
angle of the stationary and moving blades. 
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The discharge angle of reaction blading is normally about 20°, 
except in the last row of a condensing unit the discharge angle 
may be 35° to 40°. The edge of the blade on the discharge side 
is usually extended to give a definite discharge passage between 
blades. The entrance angle is not far from go°, say 70°. The 
minimum blade height is about 1 inch and is increased by 
steps of 4 inch or 1 inch up to 16 inches or more. The limiting 
height is determined by allowable stresses which are readily 
determinable. The blade width varies from 2? inch in the lower 
heights and gradually increases to 1% inches or 14 inches, de- 
pending on the height. The pitch of the blades is about .8 of 
the width. The radial clearance is, of course, low in order to 
reduce leakage; it varies between 3! inch and ; inch or slightly 
more, depending on the height of the blades. Axial clearances be- 
tween stationary and moving rows are quite large, sometimes 
half the width of blades. 


FACTORS GOVERNING LEAKAGE AROUND STATIONARY AND 
MOVING BLADES. 

As stated previously there is a pressure drop in each row of 
stationary and moving blades; therefore a certain amount of 
steam flows axially through the clearance spaces between the 
tips of the moving blades and casing on one side and tips of 
stationary blades and rotor on the other side. If x is the radial 
clearance and D the diameter at the tip of the blades the leakage 
area is equal to Dx. The weight W of leakage steam flowing be- 
tween rows can be estimated by means of the following funda- 
mental relation which forms the basis of all nozzle calculations, 

W = AVd. 


A = Dx = leakage area in square feet. 

d = steam density at any row in pounds per cubic foot. 

V = steam velocity through the clearance space in feet per 
second. This velocity is, of course, a function of the pressure 
difference in each row of blades but it should be noted that as 
the available energy utilized in each stage of a group of con- 
stant diameter is approximately the same, the value of V will 
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be approximately the same for all rows in a group. With con- 
stant radial clearance and constant V the leakage flow is pro- 
portional to the steam density, which means that the leakage 
of steam at the high-pressure end of a group of blades of constant 
diameter will be greater than at the low-pressure end. There- 
fore the overall efficiency of the first row of blades is lower than 
the rest. It should be noted that the ratio of the radial clear- 
ance x to the blade height gives no correct measure of the ratio 
of leakage steam to useful steam flow. Actually this ratio is 
larger (about 3 or 4 times, depending on the gauging); for it is 
obvious that the leakage steam flows axially instead of at an angle 
of about 20°, as is the case for the main flow between blades. 
The steam velocity V through the leakage areas can be deter- 
mined from the available energy utilized per row. The lower 
the available energy per row, the lower the velocity across the 
clearance space and hence the lower the leakage. Hence the 
practice of reducing the diameter of the drum and using a lower 
peripheral velocity in the high-pressure end to suit the lower 
available energy utilized per row is beneficial in reducing leakage. 

This reduction in diameter has the additional effect of reduc- 
ing the leakage area (xD) and hence to further minimize the 
loss due to leakage. 


FORMULA FOR LEAKAGE THROUGH DUMMY RINGS ON BALANCE 
: PISTONS.* 


A = leakage area in square inches = dx. 


d = diameter packing ring in inches. 

x = clearance between rings in inches. 
P; = initial, P. final pressure in pounds per square inch 

absolute. 

nm = number of rings or labyrinths. 
W = leakage in pounds per second. 
V, = initial specific volume in cubic feet per pound. 

_ ne (PB = PANE 
W = 473 AF (20) 


* See Die Dampfturbinen by Stodola, page 319, sth Edition. 
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As a first illustration of a possible design consider a gooo 
horsepower, 2400 revolution per minute, condensing turbine of 
the combined impulse and reaction type. The first expansion 
from an initial steam pressure of 165 pounds per square inch 
absolute to 60 pounds per square inch absolute takes place in 
an impulse wheel having two rows of moving blades of a mean 
diameter of 43 inches or blade speed of 450 feet per second. 
The reaction blading proper consists of an intermediate section 
single flow and a low-pressure section double flow (see Fig. 107). 
The available energy between 60 pounds per square inch abso- 
lute and one pound per square inch is about equally divided 
between the intermediate and the low-pressure sections. The 
blading is designed as follows: 


Intermediate (Single Flow). Low-Pressure Drum (Double Flow). 
Mean Diam., No. of Blade Height, Mean Diam., No. of Blade Height, 
Inches. Rows. Inches. | Inches. Rows. Inches. 
31 7 3, 43" 2 3, 
32 5 42 449 2 42 
35 4 7 47 2 7 
49 2 9 


‘ * Observe that this value is V2 times the diameter of the first row in the preceding (interme- 
diate) section. See page 113. 

The blade width varies from } inch for the 3-inch blades to 
x inch for the g-inch blades. We have therefore 25 pressure 
stages including the first impulse stage. 

Consider as a second illustration a 1500 kilowatt, 3600 revo- 
lution per minute, non-condensing reaction turbine to operate 
between 160 pounds per square inch absolute initial pressure 
and 30 pounds per square inch final pressure. Steam flow is 
approximately 16 pounds per second. Available energy is 126 
B.T.U. per pound of steam. Consider two sections of reaction 
blading, one high pressure at a blade speed of 250 feet per second 
(16 inches mean diameter) and another section at a blade speed 
of about 375 feet per second (24 inches mean diameter). 

With 20° discharge angles of blades, 70° entrance angles, and 
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.92 velocity coefficient * or .845 energy loss} coefficient we have 
by reference to the formulas on page 92, 


a Vosin 70° _ 250 X mae = 307 feet per second. 


sin 50° 
Vn = Vee = 250% ~34? _ 311 feet per second. 
sin 50 -766 


Available energy E per stage for the high-pressure group with 
a blade speed of 250 feet per second is 

E = (307?— 111”) + (.845 X778 X 32.16) =3-9 B.T.U. per pound. 

The available energy per stage in any other stage will be 
proportional to the square of the blade velocity selected. The 
number of stages or rows will be chosen to utilize the full range 
of available energy as follows: 


one Ul da nen ee B.T.U. per Group. fai pon 
Io aah 3.9 3-9 XI10= 39 2.8- 4.3 
8 17 4.4 4.4 X 8=35 4-3- 6.4 
2 24 8.8 8.8 X 2=17.6 6.4- 8.1 
2 ast g.15 9.15 X 2=18.3 Oo. Sag. 
2 25 9.5 9.5 X 2=19 9.7-12.0 
“otal seer 128.9 


In choosing these numbers of rows of blades the method is 
as follows: From the specific volume, as found in the steam 
tables, the annular area for each group is determined. This 
area determines the mean diameter of the group. The B.T.U. 
per stage may then be found, since it is proportional to the 
square of the mean diameter. Finally the number of rows in 
each group is determined so that the B.T.U. for each group is 
about §;8 in the high-pressure section and §,° for the low-pressure 
section. Of course experience is the only sure guide in choosing 
dimensions of this kind. 

* A usual assumption for the first approximation. After the steam velocities 
have been determined, a second “ corrected” calculation can be made with values 
of coefficients from curve “B” in Fig. sr. 

} Velocity is proportional to the square root of the available energy. In this 


case (.92)* = .845. Observe that sin 70° = sin 110°, in reference to the formulas 
on page 92. 
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Leakage through Labyrinth Packing. Assuming a radial 
clearance of .o2 inch and 30 labyrinths or rings on a 16 inch 
diameter, and using the formula previously given, leakage is 
found to be .65 pound per second. Hence 16 — .65 = 15.35, 
which is the actual flow of steam in pounds per second through 
the turbine proper and available for doing work. 

Steam Leakage Around Tips of Stationary and Moving 
Blades. Assuming a radial clearance of .o4 inch and the en- 
ergy division as above we obtain for the first five rows a leakage 
2:1 X 307 


flow of 
144 X 3.06 


= 1.45; say 1.5 pounds per second; where 


2 is the leakage area in square feet, 307 is the steam velocity 


in the leakage space, and 3.06 is the average specific volume in 
cubic feet per pound in the first stages. 

Computing the other leakages in a similar manner we obtain 
the following tabulation: 


No. of Stages, | peante Lb. | Steam Flow, | Output in B.T.U. per Lb, | B-T-U- Qutput 
per Group. per Sec. Lb. per Sec. per Sec. 

5 sens re Ohi LORS Ee S45e—=! ORs 228 
5 Te 14.2 19.5 X .845 = 16.5 234 
4 I TAs 17.6 X .845 = 14.8 212 
4 0.9 14.45 17.6 X .845 = 14.8 214 
2 Tens I4.05 17.6 X .845 = 14.8 208 
2 ees I4.25 18.3 X .845 = 15.6 222 
2 I 14.35 19 X .845 = 16 230 

Total 1548 


ie 6 
Total output in kilowatts = ae = 1035.1; 


AI2 
Or allowing 35 kilowatts for bearing friction loss and other un- 
accounted for losses, we obtain a net shaft output of 150 kilo- 


watts and a steam economy of 36 pounds per shaft kilowatt 
hour thus, 

poe lee 30 pounds 
1600 


* 15.35 — 1.5 = 13.85 pounds. 
+ Observe that this result is in kilowatts, and not horsepower as in the preced- 


ing illustrative example. 
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This is equivalent to an efficiency of 73 per cent. This ex- 
ample shows a very favorable application for the reaction tur- 
bine in so far that it indicates how a sufficient number of rows 
can be adopted to utilize the available energy efficiently, and 
yet maintain low leakage losses by using a large number of 
stages of comparatively small diameter. 

Reaction Blading for a Turbine of 7500 Kilowatts’ Capacity. 
Steam conditions are 180 pounds per square inch absolute, 
150° F. superheat and 28 inches vacuum. ‘The type is double 
flow for intermediate and low-pressure blading, and has an im- 
pulse wheel (34 inches diameter) with two rows of blades for the 
high-pressure end. First expansion in impulse wheel to 67 
pounds per square inch absolute, 90 B.T.U. available. Second 

expansion in intermediate drum to 10.5 pounds per square inch 

absolute, 137 B.T.U. available. Steam flow is at rate of 25 
pounds per second from nozzles. Third expansion in low-pres- 
sure drum to 1 pound per square inch absolute, 141 B.T.U. 
available. Allowance was made for reheating between the 
expansions. 

For reaction blading allow a velocity coefficient of .92 or 
energy coefficient .845 in the intermediate section and a velocity 
coefficient of .go or energy coefficient .81 in the low-pressure 
section, since steam velocities are higher. 

For 20° exit angle the following relations hold as shown in 
previous chapters: Ratio of actual steam exit velocity to periph- 
eral velocity = 1.23; ratio of entrance relative velocity to 
peripheral velocity = .445; available energy to be utilized per 
pressure stage. 

ones Raila 
~ f X 25,000 


f = friction energy coefficient which is .845 for interme- 
diate and .81 for low-pressure section. 
Vz = blade speed in feet pe: second. 
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INTERMEDIATE BLADING (DOUBLE FLOW). 


Mean Diam., | No. of Vo, Available Energy, ific Volume, | Blade 
Inches. Rows. Ft. ner Sec. - Se ieee oe eer 5 Height, 
21 | 330 6.8 7 — 4s 7 -II.4 24 
22 6 346 Hose De OS AG Ir .4-21.8 35 
oe 5 375 Solis >< & Sr eu ar .8-34 5s 


This table is constructed in the same manner as in the pre- 
vious example. Total available energy for intermediate blad- 
ing, 137 B.T.U. per pound. Useful energy per pound of steam 
= 137 X .845 = 115.5 B.T.U. 


LOW-PRESSURE BLADING (DOUBLE FLOW). 


Mean Diam., No. of V3; Available Energy, Specific Vol., Blade 
Inches. Rows. Ft. aie Sec. Bit Ue Cu. Ft. per Lb. pee 
34-5 2 540 2%19 = 38 34.8- 57 42 
37 2 580 2X22 =44 57-110 il 
39 I 610 I X 24.5 = 28 IIO-170 9 
40 I 628 IX 31.5 = 31.5 170-300 IO 


Total available energy is 141 B.T.U. and useful B.T.U. per 
pound of steam is 141 X .81 = 134. In the last two rows 
higher available energies per stage are allowed than according to 
formula on account of appreciably higher velocities at the tips 
of the blades as compared with the blade velocities at the mean 


‘diameter. 
IMPULSE ELEMENT. 


The impulse wheel (34 inches diameter) has a blade speed of 
530 feet per second, and the available energy is 90 B.T.U. per 
pound of steam. Nozzle velocity coefficient is .96, and bucket 
velocity coefficient is .85. The useful B.T.U. output per pound 
of steam can be obtained from velocity diagram as follows: 
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Vos esuomie ds See oeee 2120 ft. per sec. go B.T.U. 
Vy sivs0 dois gee 2040 : 83 36.5 B.T.U. 
Wis a Sash tala O Ee 1540 47-5 
VeF eo iad eee 1310 zs 34.2 oe a 
V ganic tei oon eee 845 s 14.2 
Ves Sopa eeenate 715 4 10.2 ne 
Ves coy ee cee 465 < 4.3 
Vee eer eeeee 400 o 3 ag 
Vest cn tet oe 276 ni £5 

63.2 iT: 


Useful B.T.U. per pound of steam = 63.2. 

Leakage is calculated below, assuming radial clearance of 
.035 inch for intermediate reaction blading and .o5 to .o6 inch 
for low-pressure blading. 


400 X .035 X 235 


First group intermediate Co = .8 lb. per sec. 
e Zz 

Last group intermediate ie ican 4 = 4 Ib. per sec. 
3 xX .05 X 44 

First group L.P. JOO * 05 “44 — 48 Ib. per sec. 
irst group 144. X 70 4 p 

Last group L.P. ER Pee We .21 lb. per sec. 

144 X 240 


We can assume a leakage of .5 pound per second at each end 
for the intermediate blading, and .3 pound per second at each 
end for the low-pressure blading. For a steam flow through 
the nozzles of 25 pounds per second (90,000 pounds per hour), 
we have the following as the useful output from the blades, 


From impulse wheel, 
25 X 63.2 X 3600 
= 2230 horsepower. 
2545 
From intermediate blades, 
24 X 115.5 X 3600 
2545 


* Average specific volume, cubic feet per pound. 


= 3920 horsepower. 
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From low-pressure blades, 


ee SUE eco 3920 horsepower. 
2545 
Total 10,070 horsepower. 

Allowing seventy horsepower for rotation loss of impulse 
wheel and for bearing losses we have a net output of 10,000 
horsepower. Hence the steam economy is 90,000 + 10,000 or 
g pounds per horsepower per hour which is equivalent to an 
efficiency of 78 per cent. 

The blade heights were determined from the knowledge of 
steam flow, steam velocity and steam density in each group. 
It is customary, in order to reduce the number of standard 
heights of blade, to maintain a constant height of blade in each 
group and obtain the necessary increase in area for steam ex- 
pansion by “ gauging,” that is by increasing the normal distance 
between blades. It is of course necessary to compute and 
specify the exit area for each row of stationary and moving 
blades. From the energy division given above the steam veloc- 
ity and specific volume at the exit of each row is known, hence 
the exit areas follow from the simple relation, 


aV 
? 
144 0 


W = steam flow in pounds per second. 
a = exit area in any row in square inches. 
v = specific volume in cubic feet per pound of steam. 
= actual steam velocity in feet per second in the blades. 


SN 
| 


On account of the comparatively high blade velocities in the 
last rows in the low-pressure drum, it will be necessary to hold 
these by the dovetail or “T-head” construction (page 149) 
usually adopted for impuise blading. ‘This will be necessary in 
order to reduce stresses to allowable values. It will also be 
necessary to use nickel steel or some other steel alloy suitable 
for stresses of about 30,000 pounds per square inch at 20 per 
cent. above rated speed. 
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Chart for Solution of Velocity Triangles. In the design of a 
turbine many changes are always made affecting the velocity 
diagrams, and turbine manufacturers have come to use special 
charts with polar-rectangular coérdinates for the rapid construc- 
tion of these diagrams. Such charts requiring only the use of 
straight-edge, dividers and pencil, are made with rectangular 
coérdinates extending to the right and left and downward from 
the point O, and have radiating lines at every 2} degrees from O. 
Such a chart on a very small scale is shown in Fig. 56b, which 
illustrates its application in constructing the velocity diagrams 
for a single wheel impulse turbine to operate with steam at 100 
pounds per square inch absolute pressure and 2 per cent. mois- 
ture, which expands through nozzles to 4 pounds per square inch 
absolute. The nozzle angle a is 20 degrees and the blade velocity 
V; is r000 feet per second. Exit and entrance angles (8 and y) 
are to be equal. 

The entropy-total heat chart shows that the total heat drop 
for these conditions is 217 B.t-u. per pound of steam, and the 
velocity V2 of the steam leaving the nozzle is found by the usual 
methods to be 3300 feet per second. This velocity is laid off 
from O at an angle of 20 degrees as shown, to a suitable scale. 
To find the relative velocity V,2 of the steam entering the moving 
blade, it is necessary to draw from the end of V2 a horizontal 
line to represent the blade speed Vz of 1000 feet per second. 
The entrance angle 8 is found by extending the diagonal line for 
V,2 down to the semi-circular angle scale. The angle 8 is about 
28.2 degrees. 

The left-hand triangle in the figure is the second part of the 
velocity diagram. Since the entrance and exit angles are equal, 
the angle y is made equal to angle 8. For brevity it is assumed 
that there is no velocity loss in the blades and V,; = V,>. To 
obtain the absolute exit velocity Vs of the steam, it is necessary 
to lay off V,; and V; to scale as in the right-hand triangle and 
the absolute exit velocity of the steam is 1570 feet per second. 
The same chart may be used for making a large number of ve- 
locity diagrams, either by ink of different colors or by making 
the diagrams so that they may be easily evased. 
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GENERAL COMPARISON OF COMMERCIAL IMPULSE AND 
REACTION TURBINES. : 


IMPULSE. 
1. Few stages. 
2. Expansion in nozzles. 
3. Large drop in pressure in a stage. 
4. Initial steam velocities are in general high (1000 to 4000 feet per second). 
5. Blade velocities 400 to 1200 feet per second. 
Best efficiency when blade velocity is nearly half the initial velocity of the 
steam. For a single wheel per pressure stage. 


ce 


REACTION. 
. Many stages. 
No nozzles. 
. Small drop in pressure in a stage. 
All steam velocities are low (300 to 600 feet per second). 
. Blade velocities 150 to 400 feet per second. 
Best efficiency when the blade velocity is nearly equal to the highest velocity 


of the steam. 

Radial Blade Clearances. In impulse turbines the radial 
clearance (between the blade ring and the inside of the casing) 
is not important. It is one of the first principles of a good 
design of an impulse turbine that the blades shall be made long 
enough to allow the steam to be discharged through them freely 
without ‘‘ choking” the flow and “spilling” steam over the 
outer edges of the blades. Since the pressure is the same on the 


Aun PWN H 


146 THE STEAM TURBINE 


two sides of the blades, radial blade clearances in impulse tur- 
bines can be made of generous dimensions. (See Figs. 57 and 
119, in which Curtis designs are shown.) 


Fic. 57. Illustrates Radial and Axial Clearances in an Impulse Turbine. 


In reaction turbines, on the other hand, it is very necessary 
to make radial clearances as small as is mechanically possible, 
because in these turbines the steam expands in the moving as 
well as in the stationary blades and there is a drop in pressure 
between the two sides of every row of blades. On account of 
this pressure drop there is a continuous flow of steam around the 
edges of the blades, which is large or small in amount in pro- 
portion to the size of the radial clearances. The clearance 
between the stationary blades fixed to the casing and the surface 
of the rotor is of course just as important as that between the 
moving blades and the casing. An American manufacturer of 
the Parsons reaction turbines states that the radial clearances 
are from .o2 to .10 inch, varying with the diameter of the drum. 
These limits are given for drums between 1 foot and ro feet in 
diameter. Radial clearances of large sizes of Parsons turbines 
made by Brown-Boveri & Co. are from 2 to 3 millimeters (.08 
to .12 inch). Attainment of minimum safe radial clearances is 
the goal for every designer of reaction turbines. 

Axial Blade Clearances. Axial clearances with respect to 
impulse and reaction turbines present conditions just opposite 
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from those for radial clearances. In reaction turbines, axial 
clearance is not an important factor in the design. Until re- 
cently, however, it was considered very important in the design 
of impulse turbines to make the axial clearance between the 
moving blades, and nozzles or stationary blades, as small as pos- 
sible; and indeed, unfortunately, some impulse turbines in the 
early days were built with very small axial clearances, so that 
the least vibration of the shaft would cause striking of the mov- 
ing blades against the nozzles. It has been shown, however, by 
actual experience as well as by experiment that axial clearances 
can be made as large as .20 inch without appreciable loss; or, in 
other words, practically as large as in reaction turbines — usu- 
ally about .10 to .20 inch. 

The difficulties of the designers of the first commerce im- 
pulse turbines can well be imagined when it was considered so 
essential to make the axial clearances not more than .o2 or .03 
inch. In the case of one small turbine built with three stages 
the axial expansion of the shaft in the length included between 
the high-pressure nozzle mouths and the blades of the third 
stage was .10 inch by actual measurement. To allow for a shift- 
ing of the blades of .10 inch with only .03 inch axial clearance in 
a turbine with velocity stages was not an easy problem. 

Axial clearances in Curtis impulse turbines are .o6 to .15 inch 
for 500-kilowatt sizes, and in larger machines are sometimes as 
much as .25 inch. In Rateau impulse turbines these clearances 
are from .12 to .25 inch.* 

Materials for Blades and Erosion. Ordinary rolled steel is a 
very suitable metal for turbine blades when used for dry or super- 
heated steam at either high or low velocities if the turbine is 
kept in practically continuous operation. Wet steam, however, 
will wear away steel blades very rapidly by erosion, and when a 
turbine fitted with steel blades is idle for days at a time the 
blades will corrode, so that when it is started again the particles 

* In impulse turbines with nozzles discharging radially into blades or buckets 
on the rim like the Sturtevant, Terry, or Riedler-Stumpf types, it is stated that there 


is no appreciable change in velocity loss when the radial clearance (between the 
nozzle and the buckets) is increased from .10 to .4o inch. 
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of iron oxide (rust) will be carried away by the steam to act 
like a sand blast on the blades in succeeding stages. Steel is an 
exceptionally good material for blades under favorable condi- 
tions because it can be rolled cheaply into bars of any shape of 
section,* and it is unequaled 
for strength. Copper alloys, 
known in the trades as “ ex- 
truded metal,” are made into 
bars of any shape of section 
by “drawing” as wire is 
manufactured. Blades of this 
material are not strong enough 
for the highest velocities used 
in some modern types. 

No metal has all the phys- 
ical properties desirable in a blading material. A compound 
metal known as Monnot or ‘‘duplex”’ metal has been developed 
but has found little use, which is a disappointment. It consists 
of a steel core covered with a thin copper sheathing chemically 


Fic. 58. Etched Section of a Blade made 
of Monnot Metal (Steel and Copper). 


Fic. 61. 
Designs of Steam Turbine Blades. 


Fic. 59. 


welded to the steel in such a perfect manner that the blades may 
be drawn cold from the original ingot into the required finished 
section without in any way affecting the bond between the cop- 
per and the steel. Fig. 58 shows an etched section of a blade 
of this material from a Westinghouse turbine. 

* Rolled bars are cut up into lengths corresponding to the height of the blade 
plus an additional length for dovetailing into the rim of the turbine wheel. When 


this dovetailing method is used (Fig. 63) the blades are separated from each other 
by “spacing pieces”’ of suitable shape to fit between the blades. 
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Blades like those, for example, in Figs. 59-61, which are too 
irregular to be rolled or drawn are usually drop-forged, or if very 
irregular and for low velocities they may be cast of bronze or 
copper alloys. Forked blades (Fig. 59) are commonly cast with 
the forks far enough apart so that they will pass over the en- 
larged section of the rim and are forced together when they are 
in place. Another method is to cut away the enlarged part of 
the rim section for a short length, and blades drop-forged or cast 
with the forks in their normal position can be inserted at this 
place and can then be pushed around on the rim till all the blades 
are in place. The parts of the rim cut away must be replaced 
to secure the blades at that section. 

The blades of small sizes of Curtis turbines are sometimes cut 
in the rim of a solid disk by automatic machinery. De Laval 


x 


Fic. 63. Dovetailed Type of Blade Fic. 64. 
(Curtis). 


Typical De Laval Blades. 
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blades are made of an alloy of steel containing nickel and copper. 
The metal is drop-forged into the peculiar shape required for in- 
sertion into the blade disk. (See Fig. 64.) These blades have 
a smooth, hard, glossy coating of natural oxide which is said to 
have excellent properties of resisting the action of water, super- 
heated steam, and corrosive acids. On the other hand, when 
“‘mild” nickel steel blades are used there is much trouble from 
rust, and “ high” nickel steel blades are too brittle. 

It is stated that the usual alloy used in England for blades of 
Parsons turbines is 63 Cu + 37 Zn; but any zinc alloy is quite 
unsuitable for superheated steam or for high velocities. 

Fig. 65 * shows the effect of the erosion due to steam on blades 


Fic. 65. Photograph of Turbine Blades Showing Erosion. 


made of Delta metal about 60 Cu+ 37 Zn+3 Fe. These 
blades were held stationary in a steam jet for 128 hours. The 
blades on the left side of the figure were subjected to steam at 
2900 feet per second; and those on the right to steam at 600 
feet per second. Low-velocity steam eroded the blades so little 
that the tool marks put in the blades when they were made are 
still visible. 


* The author is indebted to Mr. Francis Hodgkinson for this photograph. 


CHAPTER V. 
MECHANICAL LOSSES IN TURBINES. 


In the designs of turbines on the preceding pages the nozzle 
and blade efficiency was first calculated, and then the total, or 
*fover-all,”’ shaft efficiency was obtained by subtracting other 
losses as follows: 


(1) Disk and blade friction, or windage, due to rotation in a 
fluid medium (steam). 

(2) Leakage of the steam chiefly through the clearance 
between the shaft and the diaphragms (“ stage leakage ”’) of a 
multi-stage impulse turbine and through the radial blade clear- 
ances in a reaction turbine. 

(3) Bearing and stuffing-box friction losses 

(4) Radiation. 


Of these, the first three are, in a way, mechanical losses in the 
sense that the details of mechanical design largely determine 
their values. 

The first of these losses, disk and blade rotation loss, is by far 
the most important and will be discussed first. 

Losses Due to Friction of Turbine Wheel Revolving in Steam. 
Losses due to revolving disks or wheels in steam are very diffi- 
cult to determine with accuracy. Tests to determine these 
losses are usually made with the wheel rotating in stagnant 
steam, and it is practically impossible to have, under these con- 
ditions, steam of the same quality or superheat in all parts of the 
casing. A number of formulas have been proposed for the 
friction losses of disks and blades in dry saturated steam, but 
there is no good agreement of the results of different experi- 
menters. In fact no great accuracy can be expected because 
there is no doubt that the exponents of logarithmic friction 
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curves plotted from such tests vary considerably with the details 
of design, and besides, it is very difficult to get good tests.* 

An important reason why the tests from different designs of 
turbines do not agree better is that clearances between moving 
and stationary parts have an appreciable effect. If the clear- 
ances all around the wheel are very small the wheel and blade 
friction loss will be somewhat less than for a wheel revolving in 
large clearance spaces. This effect is most marked at low speeds. 
When higher speeds are reached there is more tendency for the 
wheel to “cut through” the surrounding steam without increas- 
-ing the “disturbance” in proportion to the increase in speed. 

The author has from time to time investigated large numbers 
of tests to determine the friction losses of wheels and blades of 
turbines in steam and air, and this experience has shown that the 
following formulas will give fair average results for forward 
running in practically stagnant steam. The rotation loss or 
skin friction of a plain disk f revolving in dry saturated steam is 
expressed by the following formula in horsepower: 


Fr 8 4 u 2.8 
» =. (=) Y (30a) 


where d is the diameter of disk to inner edge of blade in feet. 
u is the peripheral velocity of disk in feet per second.f 
y is the density of surrounding medium in pounds per 
cubic foot (reciprocal of the specific volume). 


A similar term to determine the rotation loss of one row of 
blades F, (without the disk), in horsepower, is 


R= ans ( = di (30b 
b 3 100 Y 30 ) 

* The peculiar circumstance that water in the liquid state can exist, almost 
indefinitely, in the presence of superheated steam, leading some to propose a 
vergasungswarme, is one of the greatest difficulties. : 

} Similar to those in Curtis and Rateau turbines. On account of the thick 
hubs of De Laval disks (Figs. 83 and 84), about 15 per cent. should be added to 
the results given by equation (30a) to allow for the larger surface of these disks. 

t Itis often stated that the disk and blade friction losses vary as the third power 
of the speed. But this value cannot be stated with any claim to great accuracy. 
Experimenters do not all agree on this value, and values from 2.5 to 3.5 are given 
by different authorities. The author, from the result of the experiments he has 
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where 1 = length of blades in inches excluding the band (if 
there is one), and d, u, and y are used as before. 

For a simple turbine wheel with only one row of blades we 
can write for the total rotation loss F, in horsepower: 


u 2.8 
F,; = (.08d + .31*°) ae dy. (30) 


The density of superheated steam varies with the amount of 
superheat, so that by adding the following notation, 


Ya = density of dry saturated steam at the pressure of the 
surrounding medium in pounds per cubic foot, 

D = superheat in degrees F., 

Va = specific volume of dry saturated steam at the pressure in 
the surrounding medium in pounds per cubic foot, 


and using the following equation for specific volume v, of super- 
heated steam given on page 4o, 

v, = (1 + .00065 D)? v,, 
we have the following formulas, taking the place of (30a), (30b), 
and (30c) above, for superheated steam: 


u 2.8 
.08 d? fa Me 


F,, = pee od) 
(1 + .00065 D)? G 

u dh E 

KE —~4 3 i aa) Oe e (30e) 
(1 + .00065 D)? 
u 2.8 
(0) 

F; = (.08 d + .31'*) 30f) 


(x + .00065 D)2" 


investigated, considers the 2.8 power a good average value suitable for practically all 
conditions. In the value of the exponent this rotation loss resembles train and 
ship resistance. The windage loss of dynamos properly designed for high speeds is 
a curve of the second power. When the windage loss curve of a dynamo shows an 
exponent of 3 or 3.5 it must be inferred that the machine was not properly designed 
for high speeds. It may be interesting to the practical men reading this book to know 
how the exponent is obtained from a test. This is done most conveniently by 
plotting on any suitable coérdinate paper the logarithms of the loss for the ordinates, 
and the logarithms of the speed for the abscissas. The tangent of the curve is the 
value of the exponent if the scales of ordinates and of abscissas are the same, 
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Or the curve given in Fig. 68 can be used to correct equations 
(30a), (30b), and (30c) by means of a coefficient. 

While the effect of superheating is to reduce these losses, 
moisture, on the other hand, increases them very appreciably. 


Coefficient (c) 


20 40 #j60 80 100 120 140 160 180 20 220 20 260 
Superheat-Degrees Fahr. 


Fic. 68. Curve to Correct Rotation Losses for Superheat. 
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Fic. 69. Curve to Correct Rotation Losses for Moisture. 


Fig. 69 shows a curve giving the coefficients to be applied to the 
losses calculated by the above formulas for dry saturated steam 
to correct for moisture. 

Example. (a) Calculate the frictional rotation loss of a disk 
3 feet in diameter of a non-condensing single stage turbine (steam 
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pressure 15 pounds per square inch absolute) when the steam 
is (1) dry saturated, (2) superheated roo° F., (3) 10 per cent 
wet. The speed is 3600 revolutions per minute. (6) Determine 
also the rotation loss of a single row of blades 1 inch long on this 
disk. Ans: (G)"3:50; 3.003 4.28. (6) 4:37359°82> 5.47. 

At high peripheral speeds the rotation loss of a non-condensing 
turbine with the wheels revolving in steam at atmospheric pres- 
sure is quite large, as the example above illustrates. This loss 
decreases, however, very rapidly with increasing vacuum, and 
is, in fact, nearly proportional to the pressure. This fact is not, 
however, always appreciated by designers. Of course, when 
disk and blade rotation losses are being calculated for a series 
of pressures for the several stages of a turbine, as is usually 
done before deciding on the nozzle proportions, it is only neces- 
sary, if the wheel dimensions are constant, to calculate for one 
pressure and determine the values for the other stages by multi- 
plying by a constant representing the ratio of the densities. Of 
all the variables in equations (30a), (30b), and (30c), the density 
is the only term varying as the first power. For most work it 
will be allowable to assume, within a small range, the density pro- 
portional to the pressure; that is, if the disk and blade loss has 
been calculated in steam at some given pressure, the correspond- 
ing friction loss at any other pressure may be found by the ratio 
of the pressures. 

The disk and blade rotation losses of a Parsons or other drum 
type may be calculated with the above formulas by calcu- 
lating the loss for each group of blades of the same length and 
diameter and adding to the sum of the blade losses the rotation 
loss due to disks approximately equivalent to the outside surface 
of the drum. As the friction loss due to the drum itself is small 
compared with that of the many rows of blades, no great accuracy 
need be attempted in this calculation. 

In small sizes of steam turbine-generators the rotation loss is a 
considerable percentage of the total output. The disk and blade 
loss of a single stage turbine with a single row of blades, rated by 
the manufacturer at about 250 kilowatts at 3600 r.p.m., is shown 
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in Fig. 70. The curves show that the rotation or windage loss 
of the generator alone is about 30 kilowatts and the total rotation 
loss is 50 kilowatts or 20 per cent. of the rated output. Similarly 
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Fic. 70. Rotation Loss Curves of 250-Kilowatt Turbine-Generator. 


the total rotation loss of a 2000 to 3000 kilowatt turbine-gen- 
erator is from ro to 15 per cent. of the rated output. 

Method of Making Tests to Determine Wheel and Blade 
Rotation Losses of a Steam Turbine. The simplest method for 
making such a test, and the one commonly employed, is to attach 
an electric motor to the turbine shaft (sometimes in a direct- 
connected set the generator is used as a motor) and run it at a 
number of different speeds. In taking a series of speeds, no 
observations are made until conditions have become “steady,” 
and the speed must be held constant for several minutes so that 
a number of readings can be taken on the electrical instruments 
measuring the input of the motor. The results give the rota- 
tion loss of the wheel and blades in steam as well as bearing 
friction and the rotation or “‘ windage”’ and electrical losses of the 
motor. Then the turbine wheel is removed, leaving the packing 
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at the generator end of the turbine on the shaft, and the motor is 
run alone. The power now measured is that required to over- 
come the rotation and electrical losses of the generator and the 
bearing friction. Curves of power and speed as variables (Fig. 
70) are plotted for each set of observations, and the disk and 
blade loss is determined by subtracting the ordinates of one curve 
from those of the other. It may be assumed with sufficient 
certainty that the weight of the turbine wheel itself would not 
alter the bearing losses to any considerable extent.* 

The important fact that all results given here are for disks and 
blades revolving in a stagnant medium must not be overlooked, 
and it must not be assumed that the results will be the same 
under actual operating conditions. It may be a coincidence that 
the losses are the same in both cases. Under operating condi- 
tions, the spaces between the wheel blades are filled with steam 
flowing from the nozzle over the blades and then to the condenser. 
Now it has been shown by a series of experiments by Laschet 
of the Allgemeine Electricitat Gesellschaft (Berlin) that increasing 
the number of nozzles around the turbine wheel reduces the disk 
and blade rotation losses. ‘These losses in the blades are very 
largely due to the fan action of the blades which start currents of 
steam just as a centrifugal fan does. In other words, this is what 
Stodola calls “ventilation.”? With steam flowing through the 
blades, this fan action is largely prevented and the losses are con- 
sequently reduced. Another reason why the disk and blade 
rotation losses should be less when the turbine is operating than 
they are in stagnant steam, is that they are really friction losses, 
or a conversion of kinetic energy into heat, with the effect of 
either superheating or drying the steam. In a turbine with 
more than one stage a part of the heat energy gained as the result 
of the friction is converted in the next expansion into kinetic 
energy or velocity. It is usually assumed that about 15 per cent. 


* It may be interesting to observe that since disk and blade friction is pro- 
portional to the density of the medium, the friction is therefore greater in air than 
in dry saturated steam at atmospheric pressure. 

+ Stodola, Die Dampfturbinen, sth edition, page 130. 
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of the disk and blade losses are regained by the reheating, and 
that therefore the actual friction losses in an operating turbine 
are about this amount smaller than in stagnant steam. In cases 
of full admission true blade friction disappears; and a proportion- 
ate reduction will also take place, according to the degree of 
admission, when it is partial. 

Investigation of wheel and blade friction losses by the author, 
using a modification of the method first suggested by Lasche of 
Berlin, did not show the reduction in these losses to be expected 
when determined under operating conditions. These results, 
however, cannot be considered conclusive, as the type of machine 
used was not well suited for the purpose, and only 25 per cent. of 
the blades were filled with steam. It has been stated that when 
a large quantity of steam passes into the casing through a suit- 
able opening without passing through nozzles and escapes through 
the exhaust (without increasing the pressure), the disk and blade 
rotation losses are increased as much as 20 per cent. This 
apparently is an influence to counteract the effect of filling the 
blades. 

In all the analysis that has preceded there are so many uncer- 
tain variables entering that it is impossible to get agreement, 
although, apparently, we have a large amount of data from which 
to draw. It may be stated, however, that all in all, the best data 
on disk and blade friction seem to show that it is smaller and of 
less significance than the results of most investigators would 
show. 

A little space should be given to Lasche’s very interesting 
method.* A turbine-generator set was used in which the number 
of nozzles discharging into the turbine could be regulated and the 
output of the generator was observed for each setting of valves, 
and tests with varying loads were made at a number of different 
speeds. The turbine wheel was then removed from the shaft, 
and by running the generator as a motor the friction losses in the 
stuffing-box at the generator end of the turbine and in the bearings, 
as well as the windage loss of the generator, were determined. 


* Stodola, Die Dampfturbinen, 5th edition, page 131. 
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The resistance of the armature and brushes was also measured to 
calculate the heating (I’r) loss. The sum of these losses was cal- 
culated for a number of loads (kilowatts) and curves similar to 
those in Fig. 70 were obtained. Curve A in Fig. 71 shows the elec- 


320 ed 
/ oe 300 H 
300 7 tal 


to 
iS 

on 

~w 

= 


- 220 
2 . 
‘ e 


> 200 
& 200 nt 4 
ae B fs = 180/4 | 4 
a 180 t & {| 
= © 160 
© 160 & | 
i q 
140 — 
140 Hi a | 
if '120 
120 | 
100 ~_ A+ Elect Output 
7 B- Shaft Output 80 
iSuuEEEE H 
/ 3500 r.p.m. 60 
/ | | | 
4 | 40 
20 | 20 5 CI 
0 ee) beat 
: 1 Cm at! 5 
a it 2 3 4 255 6 3 & eS Nozzles Open 
af. Nozzles Open 3-20 17 3500 
a cS 
ag g 2 
Ze As 
a 
Bic. 71. Fic. 72. 


Curves for Determining Disk and Blade Rotation Losses at Operating Conditions. 


trical output at 3500r.p.m. Curve B in the same figure, represent- 
ing the power delivered to the shaft by the turbine, was obtained 
by adding to the generator output for each set of nozzles open 
(curve A) the corresponding generator losses (windage, heating, 
and bearing friction). The lower portions of curves A and B 
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are practically straight lines, and by producing curve B to the 
horizontal axis, its intersection represents on the scale of abscissas 
the disk and blade rotation losses of the turbine at the speed of 
the test and under actual operating conditions. 

By making a series of such tests at different speeds curves of 
rotation losses can be made. Fig. 72 shows typical curves of shaft 
sutput for speeds of 3000, 3500, and 4ooo r.p.m. Although 
this method requires very careful experimenting, the same must 
be said of any other method of obtaining these losses, and most 
of the results that have been published are very poor. At least 
it must be admitted that by this method a number of uncertain 
factors to be considered in the ‘‘stagnant steam” method are 
eliminated. 

The lines in Fig. 72 are really the same as “‘ Willans lines” and 
might just as well be plotted for total “flow”? of steam per hour 
as for nozzles open. In fact in turbines where there are no 
nozzles the ‘“‘flow” of steam must be used. It is obvious that 
any load curve of brake horsepower giving the total steam con- 
sumption can be used to determine the rotation loss by’producing 
the “flow” line to the axis on which the output is scaled. A 
good check on the results of such rotation loss tests is secured by 
observing whether the lines for the speeds near the rated speed 
cross each other at about the rated output. In a good design the 
speed-output curve will be like the curve in Fig. 80, giving 
nearly the same output at speeds considerably above or below 
the rating. 

The no load steam consumptions of 2000, 5000 and gooo kilo- 
watt Curtis turbine-generators are respectively about 14, 12.5, 
and 8 per cent. of that at full load. In other words these 
percentages are only from one to two per cent. greater than the 
sum of the disk and blade rotation and generator windage 
losses. Generator windage loss is probably about equal to 
the sum of all the turbine losses. It is generally assumed that 
the no load steam consumption of a Parsons turbine (without 
the generator) is about 12 per cent. of that at the normal 
maximum output. 
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At no load the steam required for very large reciprocating 
engines and generators is probably in no case less than 15 per 
cent. of that used at full load. 

Leakage Loss. ‘The other important mechanical loss in a 
steam turbine is that due to the leakage of steam through the 
passages of the turbine without doing work. In impulse turbines 
of more than one stage this loss is chiefly caused by the leakage of 
steam between the shaft and the diaphragms. In a great many 
turbines no satisfactory packing is provided at these places and 
the loss is sometimes more than ro per cent. of the total amount 
of steam supplied to the turbine. In reaction turbines the loss 
is due to leakage through the radial clearance passages and is 
large or small in proportion to the size of these clearances. The . 
loss is usually assumed to be about 5 per cent. in good Parsons 
turbines. 

Future improvements in the economy of all types of steam tur- 
bines will depend largely on the success of designers in reducing 
these leakage losses. For impulse turbines an improved design 
has been patented by Wilkinson (page 255). In reaction tur- 
bines it can be reduced by making a shorter and stiffer shaft. 

Bearing Friction. ‘This loss is due to the friction of the shaft 
in its bearings, and in a De Laval turbine the friction of the gears 
is usually included. An analysis of the losses in a De Laval 
turbine is given on page 194, where the bearing friction loss is 
given as one per cent. Bearing friction is also discussed in the 
footnote on page 108. 

* Kruesi, Proc. Am. Street and Interurban Railway Engineering Association, 


1907. 


CHAPTER VI. 


METHOD FOR CORRECTING STEAM TURBINE TESTS. 


Standard Conditions for Steam Turbine Tests. If tests of steam 
turbines could always be made at some standard vacuum, super- 
heat, and admission pressure, then turbines of the same size and 
of the same type could be readily compared, and an engineer 
could determine without any calculations which of two turbines 
was more economical for at least these standard conditions. But 
steam turbines and engines even of the same make are not often 
designed for and operated at any standard conditions, so that a 
direct comparison of steam consumptions has usually no signifi- 
cance. 

It will be shown now how good comparisons of different tests 
can be made by a little calculation involving the reducing of the 
results obtained for varying conditions to assumed standard 
conditions. The method given here is that generally used by 
manufacturers for comparing different tests on the same turbine 
(a “checking” process’ or on different types to determine the 
relative performance. ‘To illustrate the method by an applica- 
tion, a comparatively simple test will first be discussed. 

Practical Example. Corrections for Full Load Tests. ‘The 
curve in Fig. 73 shows the steam consumption for varying 
loads obtained from tests of a 125-kilowatt steam turbine 
operating at 27.5 inches vacuum, 50° F. superheat, and 175 
pounds per square inch absolute admission pressure (at the 
nozzles). It is desired to find the equivalent steam consump- 
tion at 28 inches vacuum, o° F. superheat, and 165 pounds per 
square inch absolute admission pressure for comparison with 
“guarantee tests” (Fig. 74) of a steam engine of about the 
same capacity operating at the latter conditions of vacuum, 
superheat, and pressure. ‘The manufacturers of the steam 
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Fic. 73. Load Curve of a Typical 125-Kilowatt Steam Turbine. 
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Fic. 74. Comparative Load Curves of a Reciprocating Steam Engine and a Steam 
Turbine — Both of 125 Kilowatts Capacity at Full Load 
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turbine have provided the curves in Figs. 75, 76, and 77 
showing the change of economy with varying vacuum, superheat, 
and pressure. With the help of these correction curves, the 
steam consumption of the turbine can be reduced to the conditions 
of the engine tests. Fig. 75 shows that between 27 and 28 inches 
vacuum a difference of one inch changes the steam consumption 
1.0 pound. Fig. 76 shows a change of 2.0 pounds per 100° F. 
superheat, and from Fig. 77 we observe a change of 5.c pounds 
in the steam consumption for 100 pounds difference in admission 
pressure. Compared with the engine tests the steam turbine was 
operated at .s inch lower vacuum, 50° F. higher superheat, and 
1o pounds higher pressure. At the conditions of the engine 
tests, then, the steam consumption of the steam turbine should be 
reduced .5 pound to give the equivalent at 28 inches vacuum, 
but is increased 1.0 pound to correspond to o° F. superheat, and 
.5 pound more to bring it to 165 pounds absolute admission 
pressure. The full load steam consumption for the steam tur- 
bine at the conditions required for the comparison is, therefore. 
24.5 —.5 + 1.0 +.5, or 25.5 pounds.* 

Persons who are not very familiar with the method of making 
these corrections will be liable to make mistakes by not knowing 
whether a correction is to be added or subtracted. A little 
thinking before writing down the result should, however, prevent 
such errors. When the performance at a given vacuum is to be 
corrected to a condition of higher vacuum the correction must be 
subtracted because obviously the steam consumption is reduced 
by operating at a higher vacuum. When the steam consumption 
with superheated steam is to be determined in its equivalent of 
dry saturated steam (0° superheat) the correction must be added 
_because with lower superheat there is less heat energy in the 
steam and consequently there is a larger consumption. Usual 

* The corrected steam consumption is found to be nearly the same as that which 
the three correction curves show for the same conditions, that is, about 25.0 pounds. 
If there had been a difference of more than about 5 per cent. between the corrected 


steam consumption and that of the correction curves for the same conditions, the 


“ratio ” method as explained on page 130 for fractional loads should have been used 
also for full load, 
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Fic. 75. Vacuum Correction Curve for a 125-Kilowatt Steam Turbine. 
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Fic. 76. Superheat Correction Curve of a 125-Kilowatt Steam Turbine, 
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Fic, 77. Pressure Correction Curve of a 125-Kilowatt Steam Turbine. 
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corrections for differences in admission pressure are not large; 
but it is well established that the economy is improved by 
increasing the pressure. 

- Corrections for Fractional Loads. It is the general experience 
of steam turbine manufacturers that full load correction curves, 
if used by the following “ratio” or percentage method, can be 
used for correcting fractional or over loads. This statement 
applies at least without appreciable error from half to one and a 
half load, and is the only practicable method for quarter load as 
well.* Stated in a few words, it is assumed then that the steam 
consumption at fractional loads is changed by the same percent- 
age, as at full load, for an inch of vacuum, a degree of super- 
heat, or a pound of pressure. It will now be shown how this 
method applies to the correction of the steam consumption of 
the turbine at fractional loads. Now according to the curve in 
Fig. 75 the steam consumption at 27.5 inches (25.6 pounds) must 


obviously be multiplied by the ratio ar ,t of which the numer- 
25. 


ator is the steam consumption at 28 inches and the denominator 
at 27.5 inches, to get the equivalent consumption at 28 inches 
vacuum. This reasoning establishes the proper method for 
making corrections; that is, that the base for the percentage 
(denominator of the fraction) must be the steam consumption at 
the condition to which the correction is to be applied.t Similarly 
the correction ratio to change the consumption at 50° F. super- 


. 25:0 
heat to o° F. is oS and to correct 175 pounds pressure to 165 


* A very exhaustive investigation of this has been made by T. Stevens and H. M. 
Hobart which is reported in Engineering, March 2, 1906. 

{ Assuming that this short length of the curve may be taken for a straight line 
without appreciable error. 

¢ In nearly all books touching this subject so important to the practical, 
consulting, or sales engineer, the alternative method of taking the steam consump- 
tion at the required conditions as the base for the percentage calculations is 
implied. By such a method percentage correction curves derived from straight 
lines like Figs. 76 and 77 would be straight lines and, in application, give ab- 


surd results. Actually such percentage corrections will fall on curves (see pages 
192 and 193). 
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pounds the ratio ee Data and calculated results obtained 


by this method may then be tabulated as follows: 


Conditions | Required | Correction | Percentage 
of Test. |Conditions.| Ratio. Correction. 
Waeuties IncChese sae seen elector e ee 27.5 28 ae = 2.34. %* 
Be 
XS) 
Bape neat depres: Hae) Seer eect ty 50. fo) +4.17% 
24.0 
ee 24.8 
Admission pressure, pounds absolute..] 175. 165 +2.06% 
24.3 
ING EE CORNEE CON ere cat «has ore Cgscohute oisig Brea) SETA OE Cl ant cos tees rote eee +3.89% 


* Steps in the calculation are omitted in the table, thus re = .9706 or 97.66 per cent., making the 


correction 100 — 97.66, or 2.34 per cent. It may seem unreasonable to the reader that these percent- 
ages are calculated to three figures when the third figure of the values of steam consumption is 
doubtful. In practice, however, the ruling of the curve sheets must be much finer and to larger scale 
so that the curves can be read more accurately. 


The signs + and — are used in the percentage column to 
indicate whether the correction will increase or decrease the 
steam consumption. ‘‘ Net correction” is the algebraic sum of 
the quantities in the last column. 

The following table gives the results of applying the above 
“‘net correction”’ to fractional loads. 


4 Load 4 Load 2 Load 4 Load £ Load 
(31.3 kw.)] (62.5 kw.) | (93.8 kw.) } (125 kw.)|(156.3 kw.) 


Steam consumption from 


fest (Hg 73) LDSayee aor Bryeez 26.9 25.2 24.5 23.6 
Net ‘correction +3.89%...| +1.2 =F Tot +1.0 +1.0 + .9 
Corrected steam consump- 

GLOTINA raped eePac Pere ae ie rats a2 d 28.0 202 De ts 24.5 


Curve B in Fig. 74 shows the corrected curve of steam con- 
sumption for the steam turbine as plotted from the above table. 
By thus combining, on the same curve sheet, curves A and B as 
in this figure, the points of better economy of the turbine are 
readily understood. 
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Results of economy tests of the various turbines given on the 
preceding pages are of very little value for comparison when the 
‘steam consumptions or “water rates”’ are given for all sorts of con- 
ditions. With the assistance, however, of curves like those shown 
in Figs. 75, 76, and 77, if they are representative of the type and 
size of turbine tested, it is possible to make valuable compari- 
sons between two or more different turbines. Some very recent 
data of Curtis and Westinghouse-Parsons turbines are given 
below, together with suitable corrections adopted by the manu- 
facturers for similar machines. 
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Fic. 78. Typical Vacuum Correction Curve of a 5000-Kilowatt Impulse 
Turbine. 


The following test of a Westinghouse-Parsons turbine, rated 
at 7500 kilowatts, was taken at Waterside Station No. 2 of the 
New York Edison Co., and a comparison is made with a test 
of a five-stage gooo-kilowatt Curtis turbine at the Fisk Street 
Station of the Commonwealth Electric Company of Chicago. 
As no pressure correction is given for the Curtis machine, the 
New York Edison test is corrected to the pressure at which the 
other machine was operated (179 pounds per square inch gauge). 
Approximately an average vacuum for the two tests is taken 
for the standard, and too° F. superheat is used for comparing 
the superheats. ‘These assumed standard conditions make the 
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corrections for each turbine comparatively small. When two 
tests are to be compared, by far the more intelligent results are 
obtained if each is corrected to the average conditions of the 
two tests, rather than correcting one test to the conditions of the 
other. There is always a chance for various errors when large 
corrections must be made. | 


7500-KILOWATT WESTINGHOUSE-PARSONS TURBINE, WATERSIDE 
STATION NO. 2, NEW YORK EDISON COMPANY. 


Corrected | Correction, 
to Per, Cent.* 
Murationvor tests hours: cos bcs aes cl. Sie oad | Lae Ue Peron oeerl cee ee 
Speed, revolutions per minute............... FEXSM WA MMI leaks Se tee ert nan arcs 
Average steam pressure, pounds gauge....... Has 179 —o-15 
Average vacuum, inches (referred to 30 in. 

[BYERS OCR) ecm exctcot cy Soebroto cack cna ae eeeinin, ee ARS 27.3 28.5 ais O 
Average superieat, degrees: Misses anaes annece 95-7 100 —o.30 
Average load on generator, kilowatts........ OSB scene eee | oer aneeene 
Steam consumption, pounds per kilowatt-hour| 15.15}].........|......... 
INIGIE © ornare Eleva oVses Colum os aunt ceran ewe oteaidl ibe ae oa.al omni neo = 3 hl 
Corrected steam consumption, pounds per 

dotlowa tts OU tae kee ah cee er es eliamecinaend TAs 57) Olesen pene 


* The following corrections were given by the manufacturers and accepted by the purchaser 
as representative of this type and size of turbine: 

Pressure correction 0.1 per cent. for 1 pound. 

Vacuum correction 2.8 per cent. for I inch. 

Superheat correction 7.0 per cent. for 100 degrees F. 

The percentage correction for pressure in this test becomes then 0.1 (179.0 — 177.5) or 0.15 
percent. Similarly for vacuum, correction is 2.8 (28.5 — 27.3) or 3.36 per cent.; and also for super- 
heat, correction is 7.0 (100 — 97.5) + 100 or 0.30 per cent. These values are tabulated in the 
last column of the table. 

} This is 7} per cent. better than the manufacturer’s guarantee. 


9000-KILOWATT CURTIS TURBINE, FISK STREET STATION, COMMON- 
WEALTH ELECTRIC COMPANY, CHICAGO. 


Corrected | Correction, 


to Per Cent.* 
DP AL IOMNOLTU CSI pre ee ret or aps ee Ciel l nc atee rot | keen pee oe rere erage 
Speed, revolutions per minute. -.........:.4. TOs eh (net ee eget ea te 
Average steam pressure, pounds gauge....... 179 179 0.0 
Average vacuum, inches (referred to go in. . 

DALGUIN Meen eee eer cee ee a Ns 29.55 28.45 +9.45 
Average siperneat, degrees Pim. aasme ne. on 116 100 +9.28 
Average load on generator, kilowatts......... SO7 Om mall mecyceh |Lenae enters 
Steam consumption, pounds per kilowatt-hour| 13.0 |.........]......... 
INGiCOrmectHOn: speiCeMibep mere: 2 eta Pema retin Nay aia +10.73 
Corrected steam consumption, pounds per 

RAMON WER REIOVON UN >, 5 oy Bias RNR pote cumaes theta ore eeA aR | creer noes 14.40 

* The following percentage corrections were used: 

Superheat correction 8 per cent. for 100° F. oes: G. E. Bulletin, 
Vacuum correction 9 per cent. for 1 inch from curve in Fig. 78. Notaesis 


Pressure correction not given. 
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These results show a difference of only .20 pound in the cor- 
rected steam comsumption, so that for exactly the same con- 
ditions these two machines would probably give approximately 
the same economy. Each turbine is doubtless best for the 
special conditions for which it was designed. 

These results are equivalent to respectively 9.58 pounds and 9.72 
pounds per indicated horsepower, assuming 97 per cent as the effi- 
ciency of the generator and gi per cent as the mechanical efficiency 
of a large Corliss engine according to figures given by Stott.* 

From experience with other similar turbines it seems as if the 
vacuum corrections given are too low for each turbine. The 
correction for the Curtis turbine was obtained from the curve in 
Fig. 78 as given between 27 and 28 inches, while it was used 
between 28.5 and 29.5 inches, where the curve of steam consump- 
tion most likely slopes somewhat as shown by the dotted curve in 
the figure, which was derived from the percentage change of 
the theoretical steam consumption calculated from the available 
energy. The correction of 2.7 per cent. per inch of vacuum 
for the Westinghouse-Parsons turbine is probably too low also, 
although the percentage correction would not be nearly as 
large as for the Curtis. If both of these corrections are too 
low, the effect of increasing them would be to increase the cor- 
rected steam consumption of the Curtis turbine and reduce that 
of the Westinghouse-Parsons. 

Large sizes of steam turbines are also made by the Allis- 
Chalmers Company, but sufficient data are not given with pub- 
lished tests to make a comparison here. 

Tests of a 5000-kilowatt Curtis and a 7500-kilowatt Westing- 
house-Parsons turbine are also recorded here for comparison. 
The two tests are corrected to the assumed standard conditions 
of 173.7 pounds gauge pressure, 28 inches vacuum, and o° F. 
superheat. For the test of the Curtis machine the same per- 
centage corrections were used as for the gooo-kilowatt turbine; 


* Electric Journal, vol. TV, No. 7. Itis stated also in this article that the vacuum 
correction of a Westinghouse-Parsons turbine is 3.5 per cent. per inch between 28 
and 28.5 inches. Jude states that the vacuum correction for Parsons turbines 
(English) is five to six per cent. 
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and for the test of the Westinghouse turbine the vacuum correc- 
tion is that given in the footnote at the bottom of page 170 (3.5 
per cent. per inch), while the other percentage corrections are the 
same as in the preceding test of a similar machine. The West- 
inghouse turbine was operated with wet steam. In a test of a 
reciprocating engine the equivalent economy with dry steam is 
calculated by merely subtracting the percentage of moisture, but 
in a turbine test the correction is generally stated as being a little 
more than twice the percentage of moisture.* In other words, ina 
turbine test the moisture must be subtracted twice. The reason 
for this difference in the methods of correcting water rates of 
engines and turbines is the very large increase in the disk and 
- blade rotation losses in wet steam (cf. Fig. 69). 


5000-KILOWATT FIVE-STAGE CURTIS TURBINE, L STREET STATION, 
BOSTON EDISON COMPANY. Tested Jan. 29, 1907. 


Corrected | Correction, 
to per Cent. 
WUTAMOn tots test NOUS \creretotlete cieters crews raiere lars arate (oisteratevereiatsl ate tete ores | ereteter tener 
Speed, revolutions per minute...... aes So ond Weer ~ Norpnociso.oglloscoo siele 
Average steam pressure, pounds gauge.......... D7 Bee Gf ° 
Average vacuum, in. (referred to 30 in. barom.)... 28.8 28 + 6.40 
Average superheat, degrees E Sic ess cic ns 142 ° + 11.36 
Average load on generators, kilowatts.......... Reis Ilhan go iocoloumnoo 50 
Steam consumption, pounds per kilowatt-hour,.. UM ol ial Somin® no |b 14 oc Setele 
Neticorrection:2).-755 «1.1 Biola yale Ne Toyo ays fain i acace e shovahe | Samos + ay absiarerotouauels +17.76 


Corrected steam consumption, pounds per kilo- 
WALLS IO Uksee outeuwe Nercustelane Wirelaceusvatetars\etegereievsie: stirs Gh apo Te 02 Tl n ce omeecys 


7500-KILOWATT WESTINGHOUSE-PARSONS TURBINE (SINGLE FLOW 
TYPE), INTERBOROUGH RAPID TRANSIT COMPANY, NEW YORK. 


Corrected | Correction, 


to per Cent. 

DUTATOnT Ot teste OWLS lores olstetesersya vets clloie leis) ots 3 ire tus ue Tonal ooa terete 
Speed, revolutions per minute.........- everolctelolsl| eetedenpietetatel| ake oy nN feetersis cece : 
Average steam pressure, pounds gauge ..... ada) SHG) 7/09) —2.4 
Average vacuum, in. (referred to 30 in. barom.) .. 27.70 28 —1.05 
Average moisture, per Cent... ..eeeeee cece cece 23) ° = O10 
Average load on generator, kilowatts..........- 7135 fodhdeenal Pascanaco 
Steam consumption, pounds per kilowatt-hour 

MERE see tanto sin tiene -ainaciicerowie vi eie a> or Dao Ora |lere «etetso Rca AA OG 
Neticorrectiony sere cisslee creer ore) leaisiele sk. See Pence Bonen —9.45 
Corrected steam consumption, pounds per kilo- 

WALES MOU De eet a otetene «sels sieve overelersis ielele lel) sielelei| «nie Neersiete TOs LOi || teviers S000 


Se 
* This correction for moisture has been determined by experiment. 
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It is stated that the steam consumption of the Interborough 
Company’s turbine is 15.87 pounds at full load and 15.54 pounds 
at gooo kilowatts when the overload valve opens. The gen- 
erator connected to this turbine is rated at only 5500 kilowatts. 
With a generator more nearly the rating of the turbine it is 
probable still better results would be secured. 

Corrected tests of a 2000-kilowatt Curtis and a 1000-kilowatt 
Westinghouse-Parsons turbine-generator are also given here. 
Assumed standard conditions and corrections are taken the same 
as in the two tests preceding, except that the Westinghouse test 
is corrected to the steam pressure of the Curtis test. 


2000-KILOWATT CURTIS TURBINE, COMMONWEALTH ELECTRIC COMPANY 
CHICAGO. Tested May, 1905, by Sargent & Lundy. 


— 


Corrected | Correction, 
to per Cent. 
Duration of test bours.. .% <1. seer pon TewG anes Sree ee 
Speed, revolutions: permimite 1. satin aia )-ia 0005 A iwsdins Seal ee eee 
Average steam pressure, pounds gauge......... 166.3 166.3 ° 
Average vacuum, in. (referred to 30 in. barom.) . . 28.5 28 + 4.0 
AVELAge SUPET REA CePTCCS ML aniesiaisieininem ie aes 207 ) +16.53 
Average load on generators, kilowatts.......... ROH, Sibise oninawie] Samii 
Steam consumption, pounds per kilowatt-hour . . TSC OR ices ee niee Sih etree 
INGE {COLNE CHOI a rcvale esas) ete otatete eal mesa erated eee en tater + 20.53 
Corrected steam consumption, pounds per kilo- 
Watt OUI ncceia ckeae leletos to =ralccs Seip vale eine eer ee 18-10. |- cieses 


1000-KILOWATT WESTINGHOUSE-PARSONS TURBINE. Tested September, 
1907, by S. Gilliard. 


Corrected | Correction, 


to per Cent. 

Ducationsof test, hoursen engrave sree a tees ie (eae ete |e 
Speed, revolutions per minute. ..0....0..0+...- 1800 Se ene Fo i 
Average steam pressure, pounds gauge...... =|) 470 166.3 eo 
Average vacuum, in. (referred to 30 in. barom. 73 27.02 28 — 3.40 
AVELAGE MN O1SbLULC,s DELACOM baienta ekisteteieisiolsie ie eae 75 ° —Le5O 
Average load on water brake, horsepower.......| 1503.5 |....... .|......- 
Equivalent average load in kilowatts (generator ; 

efficiency 94%)..... Monee SristeisToe vee seein FOES. dligeteraceet amen ; 
Steam consumption, pounds per brake horse- 

POWELADOUTH (WEL) sty stories vepesss sierelcreiserciarreee ER OE sf sieie areteite| eters 
Steam consumption, pounds per equivalent kilo- = 

Walbt=hOunr, (WEL) iactm eracalolara oscars slostereusiereanie eres TOSS 1 | Serene 
NET COMA ON CoS Ob ONG oo tales oils, ol sieeve oki areenens ee meteleaeeustan Tete 6.97, 
Corrected steam consumption, pounds per kilo- 

NACL EULO LCN ORE Rime SRO I ne A cme ee | 18.04 ae 
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Curves in Fig. 79 are given to compare the steam consump- 


tion of a standard sooo-kilowatt turbine-generator and a 4-cyl- 


inder compound sooo-kilowatt reciprocating steam engine of 
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of the turbine, showing that at so per cent. overload the engine 
designed for equal work in the cylinders requires for the same 
output 43 per cent. more steam than the turbine. 

These results are particularly interesting because the peak 
capacity of a station with a given equipment of boilers and 
auxiliaries is increased in proportion to the reduction of steam 


consumption at overloads. 
For a given investment the turbine gives a much larger range 
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Fic. 80, Torque, Speed Output, and Efficiency Curves of a Typical 
500-Kilowatt Steam Turbine. 


of load and, moreover, affords the means by which the peak 
capacity of existing stations can be greatly increased. 

The speed output curve (Fig. 80) is very useful to engineers to 
determine if a turbine is running at its best speed. If the cor- 
responding curves of steam consumption per kilowatt output 
(usually called water rate per kilowatt) and efficiency are calcu- 
lated according to the form on page 364, a great deal of informa- 
tion is obtained about the operation and economy of a turbine. 
The torque line in Fig. 80 is always drawn straight, just as a 
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Willans flow line. A curve of total steam consumption is usually 
a straight line for the normal operating limits of a turbine, but 
usually becomes curved when a by-pass valve opens on overload, 
or when the turbine is over its capacity so that the pressures 
are not normal in the stages. 

The torque line shows why a turbine engine is not adaptable to 
automobiles. The starting torque of a small commercial tur- 
bine is not large, so that starting would be difficult with a small 
wheel, and reversing and speed reduction would be as difficult 
as with a gasoline engine. ‘The reciprocating steam engine as 
well as the gasoline engine has, therefore, advantages over the 
steam turbine for this service. 

Attempts have been made to use steam turbines for air- 
plane service but the principal difficulty has been to design a light- 
weight condenser which would operate satisfactorily at high 
altitudes. Steam turbines of 1000 horsepower have been de- 
signed for this kind of service. 


CHAPTER VII. 


COMMERCIAL TYPES. 


IN some respects the order in which the commercial types of 
steam turbines are discussed on the following pages is somewhat 
arbitrary; but, essentially, it is in the order of relative simplicity. 
De Laval and Parsons, of the modern designers, were first in 
the field. ‘They were in fact pioneers in the development of 
commercial steam turbines, and other designers have followed 
more or less in their steps. The reasons for giving precedence 
to the types which they developed are therefore obvious, and no 
other explanation is needed. 

Because of its greater simplicity the commercial De Laval is 
first discussed, and is followed with descriptions of the various 
forms of the Parsons turbine and the more recent types. 


DE LAVAL STEAM TURBINE. 


Rational engineering development is nowhere better exempli- 
fied than in the successful performance of the De Laval steam 
turbine. In nearly every respect, even to details, some of these 
designs are still practically the same as the turbines designed 
under the personal direction of De Laval. 

The essential elements of the original De Laval turbine are: 
(1) the nozzles in which the steam expands; (2) a wheel or 
disk with suitable blades; (3) a slender shaft on which the 
wheel is mounted; and (4) a set of reducing gears to change 
the high speed of the turbine shaft to a lower speed adaptable 
for driving machinery. 

Drawings of a small De Laval turbine are shown in Fig. 82. 
The turbine wheel, W, is supported upon the flexible shaft 
between the bearing, Z, provided with a spherical seat, and the 
gland or stuffing-box, P. Teeth are cut into the metal of the 


turbine shaft to make the pinions on each side of K fit the gear 
176 
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wheels A and B, from which the power is transmitted. The 
design shown here is intended for driving two electric generators 
which are direct-connected by means of the couplings shown at 
the left in the figure. 

De Laval turbine-generator sets of from 50 horsepower up- 
wards are supplied with two gear wheels, two power shafts, and 
two dynamos for each turbine wheel, while the smaller sizes 
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Fic. 82. Section of a De Laval Single Stage Turbine with Two Power Shafts 
(on Gear Wheels A and B). 


have gear arrangements for a single generator. Because of the 
higher speed at which the small sizes operate (see page 180), 
making the pressure on the gear teeth considerably smaller than 
with the larger sizes, more power can be transmitted with a single 
set of gears. The large size of the gear wheels compared with 
the turbine is a noticeable feature of these turbines. 

Turbine Wheel. On account of the very high speeds at which 
these turbines operate, the wheels or disks require very careful 
designing. In the small and medium sizes, a wheel similar to 
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the drawing in Fig. 83 is used. When this design is used, the 
hub of the wheel is bored out and a thin steel bushing is drawn 
into it by means of a nut shown in the figure at the right-hand end. 
Before this bushing is put into the wheel, it is forced on the shaft 


Fic. 83. De Laval Turbine Wheel with a Hole at the Center and Details of the 
Blades. 


and pinned in place as shown. ‘The wheel can be removed from 
the shaft by taking off the nut and drawing it from the bushing. 

The strength of a disk, or a wheel of a disk type, in which there 
is a hole at the center is at best not more than half as strong as one 


Fic. 84. De Laval Turbine Wheel without a Hole at the Center. 


without a hole.* On this account in the larger sizes of De Laval 
turbines it has been found necessary to use the design shown 
in Fig. 84. In this arrangement a solid disk is permitted. 
The hub is recessed at each end, and the flexible shaft is made 


* An explanation of this remarkable phenomenon is given on page 425, 
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with enlarged flanged ends which fit into the recesses and are 
bolted solidly in place. The recesses and flanges are machined 
with a four per cent. taper in order that the parts maybe accurately 
centered and fitted. 

This form of wheel disk with the section increasing from the 
rim towards the hub is arrived at by proportioning it to have 
equal unit stresses throughout. But this condition does not 
hold true at the rim, where just below the blades annular 
grooves are turned on each side. Weakening of the wheel at 
the rim is a very good method of providing for abnormal stresses 
that result in case of a failure of the governor to control the speed. 
The purpose in making these grooves is to have the wheel burst 
at this reduced section where the stresses per unit of area are 
about so per cent. larger than at any other part of the wheel, 
rather than near the center where the damage from failure would 
be so much greater. At normal speed the factor of safety, at 
this smallest section, is about five, and since the unit stresses 
vary as the square of the speed,* the wheel will fail at this place 
at a little more than twice the rated speed. As these wheels are 
constructed, no great damage to the turbine will result, therefore, 
from the failure of the wheel rim. It has been.shown by actual 
experiments with such wheels that when failure occurs, the rim 
holding the blades is broken up into very small pieces which 
will not damage the wheel case. It is stated, however, that 
wheels without this reduced section, when tested to failure, have 
been broken up into two or three large pieces by bursting through 
the center, and these pieces have been driven through an experi- 
mental wheel casing made of two-inch steel castings. 

There is also another consideration that is especially interesting 
to engineers. When a portion of the rim breaks off the wheel 
becomes unbalanced, and as the clearance between the heavy 
hub of the wheel and the safety bearings in the surrounding 
casing is very small, as can be seen in Fig. 82, the flexibility of the 


2 
* Centrifugal force = Bie (see page 406) and is therefore proportional to the 
r 
square of velocity (speed). The factor of safety at other sections of a De Laval 
wheel is about eight. 
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shaft will permit the hub of the wheel to come into contact with 
the circular openings in the casing into which it extends. The 
friction of these surfaces will act as a brake and assists in bringing 
the wheel to rest. And this is easily accomplished, because with 
the blades removed the steam no longer acts to rotate the wheel. 

The diameters of the wheels are relatively small, as can be seen 
from the following table: 


Horsepower. cn .5 see gic meee inc sieieetiate tas 5 30 100 300 


Revolutions perminute saa. .-2 s2 eee = 30,000 | 20,000 | 13,000 | 10,000 
Diameter to center of blades, inches...}| 3.94 8.86 | 19.68 29.92 
Blade speeds, feet per second.......... 523 785 1134 1310 


Wheels for De Laval turbines are usually made of a special 
forged nickel steel said to be rather high in carbon. 

Nozzles. Fig. 85 is a typical illustration of a 20-kilowatt 
De Laval turbine-generator and gives a general idea of how the 
nozzles which direct the steam against the blades are arranged 
around the periphery of the turbine wheel. They are attached 
to the turbine mechanically by being fitted into the circumfer- 
ence of the steel casting which serves as the casing for the wheel. 
The number of nozzles varies according to the size of the turbine. 
The nozzles are provided with hand valves, which can be seen 
in the figure, by which they can be closed when the turbine is 
running at light loads. In this way some of the nozzles are “cut 
out” and a relatively high efficiency is obtained at light loads. 
In this particular case, about half cf the openings in the casing 
for nozzles are closed by plugs; but by removing these plugs 
and inserting nozzles instead, the capacity of the turbine would 
be greatly increased. 

The nozzles are the only parts of a De Laval turbine that 
are changed to make it suitable for any particular pressure, 
degree of superheat, or vacuum. The ratio of the admission 
(usually boiler) pressure to the exhaust pressure is the most im- 
portant factor influencing the design of a nozzle. Briefly stated 
this ratio of pressures determines the areas of the cross-section 
of the nozzle at the throat and at the mouth, and therefore its 
divergence or taper. 
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For the same output more steam is required at a low pressure 
than at a higher pressure. De Laval turbines are readily adjusted 
for a change of boiler pressure by adding more nozzles if they are 


20-Horsepower De Laval Single Stage Turbine-Generator, 


Fie. 85. 


needed. Sometimes turbines are fitted with two sets of nozzles, 
one suitable for condensing and the other for non-condensing 


operation. 
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Reamers are used to produce the required taper on the inside 
of these nozzles. In the works at Trenton over 600 reamers are 
kept in the tool room. The taper of the nozzle ranges from six 
to twelve degrees, and the clearance between the mouth of the 
nozzle and the blades (axial clearance) is about an eighth of an 
inch. 

Blades. De Laval blades are made of drop-forged steel and 
have bulb shanks which are fitted into suitable slots in the wheel, 
shown in Fig. 83, which are milled across the rim and then drilled. 
The blades are lightly calked to secure them in place. At the 
upper ends of the blades they are provided with “extensions” 
which are designed to make adjoining blades fit closely and thus 
form a continuous ring over the blades at the periphery of the 
wheel. Details of these blades are shown more clearly in 
Fig. 64. 

Shaft. Small De Laval turbines have two important features 
distinguishing them from all other types. The first is the long 
diverging nozzle with the hand wheel control already mentioned; 
and the second is the slender flexible shaft * of the turbine. A 
wheel revolving at a very high speed tends to rotate about its 
center of gravity. If it is mounted on a stiff, unyielding shaft, of 
which the axis does not pass through the center of gravity of the 
wheel, this tendency causes violent vibrations of the wheel and 
shaft due to the very large centrifugal forces. It is stated that a 
weight of one ounce attached at the circumference of the wheel of 
a 300-horsepower De Laval turbine will produce an unbalanced 
centrifugal force of nearly 2000 pounds. It is mechanically 
difficult and almost impossible to construct a wheel so perfectly 
balanced that its center of gravity will exactly coincide with 
the geometric center of the shaft on which it is mounted. 
De Laval, therefore, devised a long, slender shaft which, as the 
speed of the wheel increases, yields somewhat and allows the 
latter to assume its own position of rotation about its center of 
gravity. 

* The diameter of the shaft of a 100-horsepower De Laval turbine is x inch and 
of a 300-horsepower turbine is about 14; inches. 
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The wheel is not mounted midway between the bearings but 
considerably nearer the spherical seated bearing Z, Fig. 82, at 
the governor end. Now when the wheel is started up from rest, 
if its center of gravity is not precisely in the axis of the shaft, it 
will bend, and the plane of revolution of the wheel is then no 
longer perpendicular to the axis of rotation. When, however, a 
sufficiently high speed is reached, so that gyroscopic action is 
great enough to pull this plane back to a position perpendicular 
to the axis of rotation, a “‘node”’ is formed at the center of the 
hub and rotation will then take place about the center of gravity 
of the system. The speed at which the amplitude of vibration 
is greatest is called critical.* 

Bearings. Typical bearings of De Laval turbines are illus- 
trated in the section drawings in Fig. 82. At the right-hand or 
“governor” end there is a spherical seated bearing (Z). A 
design of this kind is used for the purpose, primarily, of giving 
greater flexibility to the shaft and to take the small end thrust 
exerted on the wheel by the steam issuing from the nozzles at a 
very high velocity. In single wheel turbines of the De Laval 
type this pressure or thrust is, however, very slight, as the steam 
is expanded to the exhaust pressure before it leaves the nozzles. 
It is obvious, therefore, that the wheel rotates in steam of very 
“nearly the same pressure on both of its sides. Such a design 
has also the advantage of being self-aligning. A helical spring 
shown in the same figure holds the spherical bearing against its 
seat in the turbine casing. On the other side of the turbine 
wheel the shaft passes through a loose-fitting bearing, P, serving 
primarily as a gland or stuffing-box to prevent the leakage of 
steam from the casing. The shaft does not pass through the 
casing on the right-hand side, so that no precautions are necessary 
to prevent leakage of steam on that side. At each side of the 
pinions of the reduction gearing, the turbine shaft is supported 
on plain white-metal (Babbitt) bearings C and CC, The sur- 

* “Critical speed” is the name given to that speed of a wheel at which it tends 


to rotate about its own center of gravity. In the De Laval turbines a critical 
speed occurs at about } to } of the normal running speed. 
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face speed in these bearings is usually designed to be about 
70 feet per second. 


TURBINE 
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PUMPS 
Fic. 86. 300-Horsepower Steam Turbine Driven Centrifugal Pump, with Pump and Gear Case 


Speed-reduction Gears. On account of the high speed of the 
turbine shaft, reduction gears are required to bring the speed 
within practicable limits for utilizing the power. The reduction 
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is usually about ten to one, and is accomplished by means of 
small pinions on the turbine shaft meshing with steel helical 
gear wheels. The teeth of the pinions are very small and are 
_ cut directly into an enlarged section of the flexible shaft.* The 
teeth for this gearing are cut spirally at an angle of 45 degrees. 
As indicated in Fig. 86 the teeth on one side are cut on a right- 
hand and on the other side on a left-hand spiral. This method 
effectually prevents any movement of the shaft in the direction 
of the axis and balances the thrust of the gears. Previous te 
the time when De Laval demonstrated that gears could be oper- 
ated at a linear velocity of more than 100 feet per second, the 
high speeds which he introduced were not considered practically 
possible. His success at these high speeds was due largely to 
the fine pitchf and spiral angle of the teeth. It is thus possible 
to bring a large number of teeth into mesh at the same time, 
so that the working pressure on each tooth is made very small 
and abrasion is reduced to a minimum. 

The reduction gears are enclosed in a casing entirely separate 
from that around the turbine wheel. ‘This casing prevents dust 
and grit from getting into the gears and avoids accidents from 
persons or objects falling upon them. With careful attention 
these gears sometimes run for several years without visible wear. 
Formerly the gear wheels were made of bronze, but experience 
showed that the teeth became crystallized after a few years of 
operation, and pieces of the teeth which were sometimes broken 
off, were liable to injure other teeth. Such gears should always 
be supplied with a little oil for lubrication. 

This speed-reduction gearing introduces two important dis- 
advantages: first, the friction loss is considerable; and second, 
the construction is necessarily expensive. The friction loss, 
obviously, will depend largely on the quality of workman- 
ship. It is stated that this loss in the gears is about 5 per 


* The pinions are said to be made of .60 to .70 carbon steel, and the teeth of the 
larger gear wheels are cut in .20 carbon steel of a grade similar to that used for 


locomotive wheel tires. ee io 
+ The pitch of the gears varies from .15 inch in the smallest, to .26 inch in the 


largest sizes. 
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cent.* of the power transmitted when they are in good condi- 
tion, and sometimes as much as 10 per cent. in moderately 
worn gears. 

After a few years of service it is usually found that the steam 
consumption of a De Laval turbine is slightly greater than when 
it was new. This poorer economy is probably due to the in- 
creased loss in the gears from wear as well as to the wearing 
away of the blades on the turbine wheel, which by changing the 
shape of the blades causes a loss of efficiency. 

Governor. Types of De Laval governors are shown in Figs. 
162, 163, and 174b, pages 276 and 301, where methods of gov- 
erning are discussed. The valve arrangement controlled by the 
governor is a plain throttling type. 


DE LAVAL MULTI-STAGE TURBINES. 


For a number of years the De Laval Company confined its 
efforts to the construction of single stage turbines described in 
the preceding sections. In the last few years there has been a 
growing demand for larger sizes and multi-stage De Laval tur- 
bines have been designed to meet this demand. Single stage 
turbines are obviously of limited capacity. The maximum out- 
put of a thirty-inch De Laval turbine with a single wheel is 
about 500 kilowatts. In order to increase the capacity with- 
out increasing the diameter of the turbine wheels beyond the 
practicable limits of construction, it is necessary to resort to the 
use of multiple stages. By using a sufficient number of stages 
the speed of the turbine can be reduced to any desired point, 
the designer given practically a free choice as to the proper 
relations of wheel diameters, capacity, speed, length of blades, 
and other variables. After the most suitable speed for best 


* Regarding these losses the results of experimenters differ a great deal. Lewicki 
found the gearing and bearing loss in a 30-horsepower De Laval turbine-generator 
to be 7.5 per cent. of the full load output. Delaporte states that the gearing losses 
of a 200-horsepower De Laval turbine are about 1 per cent. when new; and he states 
also that in his opinion the combined gearing and bearing friction losses of a 300- 
horsepower De Laval turbine should be taken roughly at about 3 per cent. 
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efficiency has been selected, any further reduction in the speed 
of the turbine as may be necessary to adapt it to driving a par- 
ticular machine may be accomplished by means of a suitable 
reduction gear. For example, De Laval multi-stage turbines, 
when provided with reduction gears, are suitable for direct 
connection to standard speed, direct current generators ena- 
bling the user to escape all disadvantages inherent in high speed 
direct current generators, the normal designs of which are ordi- 
narily changed in many respects when they are to be adapted 
- to run at the high speed of turbines. Likewise, the speeds most 
suitable for centrifugal pumps and blowers are, for many serv- 
ices, lower than the speed at which turbines should be oper- 
ated, and these, also, may be driven through the medium of 
gears. The use of gears permits the use of turbines for belt or 
rope driving with pulleys and sheaves of ordinary dimensions 
and running at standard “rim” velocities. Further, a De 
Laval multi-stage geared turbine can be connected to existing 
shafting by belts to supplement the power delivered by recip- 
rocating engines already in service. 

Turbines of this type, however, are also supplied without 
gearing, for driving machines the speed of which approximates 
that of the turbine, such as large alternators, centrifugal air 
compressors, and high head centrifugal pumps. 

For any given capacity and steam condition there is, for each 
type of turbine, a speed which will give the highest efficiency, 
and it is a problem for the designer to make the proper arrange- 
ment of blade lengths, blade angles, disk diameters, etc., so as 
to secure the ratio of steam velocity to blade speed that will 
secure the best efficiency. In medium. sizes, that is, up to 
about 3000 kilowatts, the multi-stage impulse turbine, in some 
cases fitted with velocity stages in the first pressure stage, is the 
most efficient by quite an appreciable margin. Comparing the 
multi-stage turbine with the reaction turbine in small sizes 
under these conditions, the high pressure blades of the reaction 
turbine become very short in proportion to the leakage path 
through the clearance at the ends of the blades. Due to the 
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fact that the leakage takes place over the ends of the moving 
blades and under the ends of the stationary blades of reaction 
turbines, it is not feasible to use types of packing which is ap- 
plied so effectively for packing the joints between the shafts 
and diaphragms of multi-stage turbines. 

A sectional drawing of a typical De Laval multi-stage steam 
turbine is shown in Fig. 87. The rotating part of the turbine 
consists of a heavy shaft upon which is mounted a series of disks 
for carrying the blades. The shaft and the blade disks are shown 
in Fig. 88. Each blade disk revolves in an independent cham- 


Fic. 88. Shaft and Blade Disks of De Laval Multi-stage Turbine. 


ber formed between diaphragms held in a cylindrical casing. 
Steam is admitted to the steam chest at the right-hand end of 
the casing and then flows through the nozzles of the first stage 
and discharges upon the blades of the first disk.* Next the 

* In the latest designs of these turbines, there are two blade disks in the first 
stage with a set of intermediate blades, making two velocity stages similar to 
Fig. 39. 
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steam flows through guide vanes in the diaphragm separating 
the first stage from the second and impinges upon the second 
blade disk, and so on through succeeding stages of the turbine. 
The nozzles of the first stage occupy only a portion of the cir- 
cumference, thereby avoiding the difficulties of very short blade 


Fic. 89. Diaphragm (showing nozzles) of a De Laval Multi-stage Turbine. 


lengths which would otherwise be necessary if the admission of 
steam were permitted all around the circumference in this 
stage. 

The blades or “buckets” of all De Laval turbines are drop 
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forgings and the bulb shanks are accurately machined to fit the 
corresponding recesses in the blade disks. 

With the exception of the nozzles in the first stage, which have 
been described in connection with the single stage De Laval 
turbine, the nozzles of the succeeding stages are formed by the 


MOws 


Fic. 90. Carbon Packing on Shaft of Turbine. 


accurate locating of adjacent guide vanes made of nickel-bronze, 
accurately formed in dies and finally hammered to give the 
surface a hard polish, which improves the density and strength 
of the metal. They are spaced and located upon the rim of 
the diaphragm by pins and are held in place by a solid steel 
band shrunk over their tips. Two pins are used for each vane 
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to determine its proper angle, and therefore, in connection with 
the shape of the vanes, to fix the contour and the cross-sectional 
area of the nozzles formed between the successive vanes. 

The cast-iron disks used for the diaphragms are perforated 
at the center and are fitted with removable labyrinth packings 
in order to minimize the leakage of the steam from stage to stage 
between the diaphragms and the cylindrical wheel hubs. A 
complete diaphragm of a De Laval multi-stage steam turbine is 
shown in Fig. 89. 
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Fic. gta. Percentage Curve for Correcting De Laval Turbine Tests for 
Superheat. 


The carbon packing used at the low-pressure end of De Laval 
multi-stage turbines is shown in Fig. 90. Provision is made for 
introducing live steam at reduced pressure between the second 
and third rings as shown so that any leakage into the turbine 
casing will be steam from this source and not air from outside 
the casing. 

Superheat, Vacuum, and Economy Curves. Fig. 91a shows 
by percentages the effect of superheat on the steam consump- 
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tion. For low values of superheat the gain for a De Laval tur- 
bine is much greater than for larger amounts of superheat. 
Such curves on a percentage basis are sometimes very service- 
able to show striking variations clearly. Fig. 91b is a similar 
percentage curve to show how the vacuum influences the steam 
consumption. With a high vacuum the improvement in econ- 
omy is much more marked than at low values. Fig. g1c shows 
approximately the steam consumption for small sizes of De Laval 
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Fic. 91b. Percentage Curve for Correcting De Laval Turbine Tests for 
Vacuum. 


turbine-generators operating non-condensing or with 28 inches 
vacuum at 165 pounds per square inch absolute pressure, and o 
degrees F. superheat. 

It is stated the half load steam consumption of a single stage 
De Laval turbine is 12 per cent. greater than at full load, and 
that at quarter load it is 25 per cent. more than that at full load. 
For such good performance at light loads it is necessary to 
operate the turbine with no more valves open than are needed. 
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Because the valves must be operated by hand such good economy 
could probably not be obtained with a rapidly fluctuating load. 
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Turbine Losses. The following table shows how the losses in 
a single stage De Laval 200-kilowatt turbine-generator have 
been divided up by Stevens and Hobart: 


Nozzle: losses.ct cate cewin si sete vies eat eee create rere 12 per cent, 


Radiation lossesiand deakape .2.), cs... soc ese ieee See Ie Ae 
Rotation losses due to the turbine wheel revolving in steam A Sha ase 
Losses due to the steam traveling over the blades....... op ee 
Bearing trichtOn dOssesi nents: et ieee eis eine 1a 
Tossesin’speed-reduction pearing. 2. ees seer tases i Ed eS 
Generator: loSseShii oe) si. God eke ue AOD etn aE Siene errenenee ZTE ENS 
Losses due to residual kinetic energy in the steam passing 
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PARSONS TURBINE 


The Parsons type of steam turbine differs from that commonly 
known as De Laval’s principally in the substitution of stationary 
blades in the place of nozzles. These stationary blades are so 
shaped as to direct the steam upon the moving blades just as 
nozzles would. In turbines of this type a large number of rows 
of moving blades are employed, which are attached to the cylin- 
drical surface of a revolving drum, called a rotor. 

There is also another difference which, from a theoretical view- 
point, makes a Parsons turbine entirely different from other types. 
All the impulse turbines, of which the De Laval is a good example, 
make very little, if any, provision for the expansion of the steam 
in the moving blades, while the Parsons type is designed to give 
approximately as much expansion of the steam in the moving 
as in the stationary or “‘guide” blades. In turbines of this 
type each set of one row of moving and one row of stationary 
blades is called, technically, a stage. 

Compared with the De Laval turbine in which the blades of 
a single wheel revolve in a medium of uniformly low density 
with the pressure very nearly the same on both sides of the wheel, 
most of the blades of a Parsons turbine revolve in steam of high 
density. Blades at the admission end revolve in steam at very 
nearly the boiler pressure, and only those at the low-pressure end 
are in steam of low density. 

In the Parsons turbine there is a considerable drop in pressure 
in every row of blades, and consequently a difference in pressure 
between the two sides of every row, which produces a leakage 
of steam over the edges of the blades, increasing with the amount 
of radial clearance between the stationary and moving parts. 

Because of the large number of blades, this leakage of steam 
is a factor which on account of its magnitude must receive most 
careful attention and investigation by designers. It is a matter 
of the greatest importance, therefore, in designing turbines of 
the Parsons type to make radial clearances as small as possible, 
consistent with proper allowances for the expansion due to un- 
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equal heating of the parts,* which in a turbine with a large 
number of stages is a very important consideration. Fig. 91d is 
a section of a typical Par- 
sons rotor and casing show- 
ing by arrows the leakage 
spaces for steam through 
the radial blade clearances 
a and 6. 

A section of one of the 
early Parsons turbines is 
illustrated in Fig. 92. The 
turbine rotor consists of a 
long drum of three different 
sections supported on the 
two bearings — one at each 
end. The moving blades 
are mounted on the cir- 
cumference of this drum 
and the stationary blades 
Fic. gtd. Section of a Typical Parsons Rotor are fitted in similar rings 


and Casing Showing the Radial Blade {9 the inside of the turbine 
Clearances. 4 
casing. 

The annular space I is the steam chest which receives high- 
pressure steam. The steam passes through the alternate rows 
of moving and stationary blades of the first section of the rotor, 
through a second annular space to the blades of the second sec- 
tion which discharge into a still larger annular space, from which 
it passes through the blades of the last section of the rotor to 
the exhaust E. At the second and third annular spaces, where 
the diameter of the drum is increased, an unbalanced pressure 
or thrust toward the right is produced by the pressure of the 


* Aside from the question of radial clearance, all other points affecting the design 
are of minor importance as regards economical and satisfactory operation. The 
most successful design of a Parsons type is the one which operates successfully 
with the smallest radial clearances. Unequal expansion of the different parts of 
the casing and drum introduces factors which are very difficult to estimate. If the 
blades are made of different materials trom the drum, at some temperatures they 
are likely to be loose. 
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steam; and this thrust is increased by the expansion of the steam 
in the moving blades (see Fig. 34). To balance this axial pres- 
sure, three balance pistons are provided at the left-hand end 
of the casing — one is intended for each section of the rotor. 
The smallest is made just large enough to equilibrate the thrust 
due to the blades of the first section; the intermediate piston 
balances the thrust on the second annular area and that due to 
the blades of the second section; and the largest piston equili- 
brates the pressure on the third annular area and the thrust in 
the third section. Steam passages are cored out in the casing, 
as shown in the figure, to make each balance piston communi- 
cate with its corresponding section of the rotor, so that the pres- 
sure in the section is always the same as that acting on the 
corresponding balance piston. In some designs these cored-out 
passages are replaced by pipes on the outside of the casing. 
Small annular grooves are usually cut in the balance pistons to 
join with similar annular projections in the casing. This con- 
struction, called a labyrinth packing, makes a devious and ob- 
structed steam path* so as to effectually prevent undue leakage. 
The position of the moving blades with respect to the station- 
ary blades (axial clearance) is usually adjusted by means of a 
thrust or adjustment bearing T at the extreme left-hand end of 
the turbine. It consists of a number of rings or collars turned 
in the steel shaft into which corresponding brass rings in the 
adjustment bearing are fitted. The upper and lower halves of 
this bearing are adjustable and are moved by the screws shown 
in the figure. If the lower half of the bearing is set so that the 
collars on the shaft are in contact on their left side, the upper 
half would have the collars in contact on the right side. By 
this means, when the bearing is once set, the rotor cannot move 
an appreciable distance either to the right or to the left. A 
typical adjustment bearing is shown more clearly at the right 
in Fig. 107. In this design the upper and lower halves are 
* The labyrinth packing produces a subdivision of the total drop in pressure 
between the right side of the small drum and the left side of the large drum that we 
have instead of a single pressure drop a large number of small pressure drops (due to 
a whole series of resistances) and the leakage of steam is reduced accordingly. 
Labyrinth packings of various types are explained with considerable detail in 


Marine Steam Turbines (U. S. Navy Edition), by J. A. Moyer, published by John 
Wiley & Sons, New York. , 
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moved by micrometer screws, so that the axial position of the rotor 
is indicated at all times by the dials on these adjusting screws. 

In Fig. 92 a very common method for operating the governor 
of steam turbines is illustrated. A worm gear on the main tur- 
bine shaft engages with a gear wheel which by means of other 
gears rotates the governor shaft. 

Detailed Description of Parsons Turbine. Fig. 92 shows a 
section of a Parsons turbine of the stationary or “land ”’ type. 
It has a casing CC made of cast-iron or cast-steel which is in 
halves, the upper half being removable for purposes of examina- 
tion without disturbing the rotor. The main casting for the 
casing is carried by a saddle or bed-plate B which is in turn 
fastened to the foundation. The turbine is, however, rigidly 
bolted to only one of the bed-plates, and is free to slide at the 
other, when its length changes due to changes of temperature. 

The steam after passing through the emergency and governor 
valves enters the casing at I. It can then pass completely 
around the rotor by means of the “‘ steam belt,” formed in the 
cylinder casing. The steam can thus readily enter the annular 
space occupied by the fixed and moving blades. 

Having traversed the full length of this annular space the 
work of the steam is completed, and it is discharged by way of 
the exhaust end EE, and the exhaust pipe Eto the condenser. 

The balance pistons and the pressure equilibrium passages 
are readily observed. One of the equilibrium passages is formed 
in the main casting to connect the annular chamber at the be- 
ginning of the intermediate section with corresponding balance 
piston. An equilibrium pipe Q connects the exhaust main E to 
the space S. 

Balance pistons are provided on the older designs of Parsons 
turbines to balance the end thrust. These balance pistons are 
also called dummies. In some recent designs, especially for 
marine service, a part of the end thrust is taken up by a main 
thrust bearing, particularly when this main bearing is of a heavy- 
duty (Kingsbury or Mitchell) type. This results in smaller 
balance pistons and slightly higher efficiency, as there is much 
less leakage through labyrinth packings of small diameter. 
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The second inlet and steam belt, shown at K, is for use when 
the turbine is overloaded. It is connected by means of a by- 
pass and valve with the inlet I. When this valve is opened, the 
live steam enters the second expansion, or series of blades, with- 
out having previously passed through the first. The turbine 
could then generate enough power 
to cope with, say, a 50 per cent. 
overload, though not with the 
same economy as when working 
for its designed output with the 
by-pass closed. 

The bearings shown at b, b are 
of the “ flexible’ or elastic sleeve 
pattern, and allow of a slight auto- 
matic adjustment of the center line 
of the rotor. The flexible cou- 
pling for connecting the dynamo 
and turbine shaft is shown at P. 

Packing Glands. In every tur- 
bine, glands or stuffing-boxes must 
be provided where the shaft passes 
through the ends of the casing to 
prevent the escape of steam at the 
: high-pressure end and the entrance 
Fic. 93. Propeller of a Water-packed of air at the low-pressure end 

Gland of a Westinghouse-Parsons of condensing turbines. Steam- 

Turbine. ‘ 

packed glands of various types are 
often provided; but in the Westinghouse-Parsons turbine water- 
packed glands are now generally used. ‘This arrangement con- 
sists of the propeller of a centrifugal pump (Fig. 93) which 
rotates in the water supplied to an annular groove in the casing. 
When the turbine is operating the water is thrown outward by the 
vanes and comp etely fills the space around the periphery of the 
propeller. By this means the leakage of steam or air is effectually 
prevented. As there are no rubbing surfaces in these glands and 
no oil is used, there is no contamination of the exhaust steam. 

Blades. The blades of Westinghouse turbines are secured to 
the rotor by means of slots turned on its periphery, which are 
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narrower at the top than at the bottom. Into these slots the 
blades which have been cut at the roots to fit, are put singly. 
Soft metal spacing pieces of the required shape to fill the space 
in the slot between the blades are calked to hold the blades 
firmly by a dovetail construction. This construction is required 
for the attachment of the moving blades to give the necessary sup- 
port against centrifugal forces; but as the stationary blades, which 
are fixed to the inside of the casing, are not subjected to centrifugal 
forces, the slots for these blades are not usually dovetailed. 


Fic, 95. Blades on the Rotor of a Westinghouse Turbine. 


Blade Lashing and Shroud Rings. It has been found necessary 
to bind the blades together at their ends to make a stronger con- 
struction. In the earlier designs of Parsons turbines the blades were 
usually bound together with wires soldered to their ends. Some- 
times, however, the blades were turned over at their outer ends to 
form flanges which were soldered together into a solid shroud. 

Fig. 95 shows several rows of blades of a Westinghouse turbine. 
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All blades more than two inches long are reénforced by lashing 
with a wire of special section threaded through punched holes 
in the ends of the blades. This method of lashing is illustrated 
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Fic. 96. Method of Lashing Westinghouse Blades. 


by Fig. 96. The lashing wire, which is drawn to have a cross- 
section resembling a comma, binds the blades together firmly 
enough to give adequate strength for normal service, yet, unlike 
a very rigid blade construction, it will yield in emergencies without 
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seriously damaging other parts of the turbine. The blades are 
lashed in sections three feet long. Because of the peculiar shape 
of the section of the lashing wire, it can be calked at the end so 
that a “key” remains in the punched hole to prevent the blade 


Sonus: ‘CHALMERS CO 


Fic. 97. Sankey’s Blading for aaeane Turbines. 


from getting out of line. In many respects it is practically as 
effective as a shroud ring. 

A type of blading for Parsons turbines, patented by H. R. 
Sankey in 1903, has been applied with certain modifications in 
the Allis-Chalmers and the Willans turbines. A typical illus- 
tration of this blading is shown in Fig. 97. It is distinguished 
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principally from the usual Parsons blading by the attachment of 
a U-shaped shroud ring, B, around both the moving and the 
stationary blades. 

The blades are cut to the required length from bars of copper 
alloy drawn, like wire, to a suitable shape. After the blades 
are cut from the bar, they are formed in machine tools of 
special design, so that at the root they have an angular “dove- 
tail” shape as illustrated in the figure, where the blades are shown 
inserted in a suitable foundation ring, A. After this foundation 
ring is turned to the proper diameter, “dovetail” slots for the 
blades (see Fig. 98) are cut by a special milling machine 
intended for very accurate spacing and inclination so as to give 
the required pitch and angle to the blades. 


TIT 7 


Fic. 98. Spacing for Sankey’s Blading. 


After the roots of the blades have been inserted in the founda- 
tion rings, which, in cross-section, are also of a dovetail shape, 
the rings are inserted into corresponding grooves in the drums 
of the rotor and in the inside of the casing where they are held in 
place by “key pieces.” Each of these “key pieces” after being 
driven into place is upset in an undercut groove which serves as a 
locking device. The dovetail shapes used in this construction 
make the attachment of the blades at their roots very secure. 

The channel-shaped shroud rings are purposely made thin at 
the flanges so that in case of contact between the revolving and 
stationary parts these flanges will be worn off at their edges 
without tearing out or bending the blades. By this method, as 
well as with all other types of shroud ring construction, the strength 
of the blading depends, not on the strength of a single blade, 
but on the total strength of as many blades as are bound together. 
In the Allis-Chalmers turbines all the blades in a semi-circum- 
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ference are joined by a shroud ring. The blading is thus made 
up in half rings, which are made almost entirely by machinery. 


Interior of an Allis-Chalmers Turbine Casing, Showing Blades Protected by Shroud Rings. 


FIG. 99. 


Each ring can be thoroughly inspected before being placed in the 
turbine and the possible inaccuracies of hand work are likely to 
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be eliminated. Fig. 99 shows the interior of the casing of a 
turbine fitted with shroud rings on the blades. 

If small radial clearances are desired, exceptional precautions 
in designing must be taken to avoid unequal expansions of the 
parts of the rotor, the casing, and the blades, because shroud 
rings in reaction turbines are liable to produce disastrous results 
by “stripping” the blades. Usually in case of accident, however, 
damaged or worn rings can be removed and the turbine continued 
in operation until they can be replaced. 


“ep tom 


Fic. 100, A Westinghouse High Speed Flexible Bearing. 


Bearings. In turbines of the Parsons type operating at above 
1800 revolutions per minute, a design of flexible bearing (Fig. 100) 
is used to reduce the vibrations of the shaft by permitting the 
rotor, when passing its critical speed, to revolve about its center 
of gravity instead of its geometric axis. This flexible bearing 
consists of a nest (usually four) of loosely fitting cylindrical 
bronze sleeves between which oil films are maintained by capil- 
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lary attraction.* The clearance between these sleeves is about 
.004 inch. These films of oil have also a cushioning effect in 
absorbing vibrations that occur when bringing the turbine up to 
speed. This flexible bearing accomplishes the same purpose for 
which De Laval used a flexible shaft. In the figure the outer 
casing of the bearing is at the right-hand side and the holder 
for the Babbitt metal lining and the cylindrical sleeves around 
it are shown at the left. 

In larger machines which run at lower speeds, balancing is less 
difficult and single spherical-seated bearings lined with Babbitt 
metal are used. Quadrant liners are provided for either 
type of bearings to accurately adjust the rotor to a central 
position. 

Stages. In this type of turbine low blade speeds are secured 
by using a larger number of stages. Thus in a 4oo-kilowatt 
“ single-flow ”’ Parsons turbine there are 58 stages or 116 rows of 
blades. In such a turbine there are about 30,000 blades. It is 
important to notice why the pressure difference for each row of 
blades gradually decreases from the admission to the exhaust in 
such a turbine. Since there are 58 stages, if the pressure dif- 
ferences were made equal for a total drop in pressure of say from 
175 pounds per square inch to 1 pound per square inch, the drop 
in pressure in each stage would be 3 pounds per square inch. 
But because the steam velocity for a given difference in pressure 
is very many times as great at 1 pound as at 175 pounds, such a 
division is not desirable, and instead the pressure drop is made to 
suit blade speeds that are likely to show best efficiency in the 
various sections. Minimum and maximum velocities at the 
low-pressure end are 500 to 7oo feet per second in modern 
designs of these turbines. 

A large Westinghouse-Parsons turbine is shown in Fig. ror, 
with the upper half of the casing removed to show the rotor, 


* Bearing pressure in pounds per square inch times peripheral velocity of the 
shaft in feet per second is generally about 2500. — Proc. Inst. Elec. Engrs., June, 


1905. 
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blades, and balance pistons. The collars on the balance 
pistons which form the labyrinth packing are plainly visible. 
The increasing length of the blades of the third (exhaust) 
section is also very apparent. 

Besides the Westinghouse Machine Company of Pittsburg, 
Pa., other important manufacturers of Parsons turbines are the 
following: 

Allis-Chalmers Company, Milwaukee, Wis. 

C. A. Parsons & Co., Newcastle, England. 

Willans-Robinson Company, Rugby, England. 

Brown-Boveri & Co., Baden, Switzerland, and Mannheim, 
Germany.* 

British Westinghouse Company, Manchester, England. 


The Allis-Chalmers steam turbine is a reaction type which 
differs from the original Parsons machines principally in manu- 
facturing details intended to remove some of the operating diff- 
culties of the older designs. An innovation in the design of these 
turbines is in the arrangement and construction of the balance 
pistons. In the older types of reaction turbines the three balance 
pistons were put at the high-pressure end of the turbine. Some- 
times, however, there was difficulty with this construction, as 
the largest or low-pressure piston in large turbines was of com- 
paratively large diameter, so that an inner web was required in 
its construction. This web sometimes tended to warp so as to 
bring the “dummy” or baffle rings of the labyrinth construction 
on these pistons into contact with those attached to the casing. 
To overcome this difficulty the largest balance piston has been 
placed at the low-pressure end of the rotor behind the last row 
of blades. In this location its effective area starts from a smaller 
inner diameter, so that the required area can be obtained with a 
smaller outer diameter. 

Fig. 3102 represents diagrammatically an Allis-Chalmers 

* A 24,000-horsepower steam turbine has been constructed at the Mannheim 
works of Brown-Boveri & Co. for the Krupp steel works and blast furnace plant at 
Rheinhausen. It is probably the largest turbine yet ordered for stationary service. 


The governing and overload valve designs of Brown-Boveri & Co.’s turbines 
are described and discussed on pages 292 and 305. 
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Allis-Chalmers Modification of Parsons Turbine. 
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design of Parsons turbine. There are three sections of the 
rotor — H, J, and K — and three corresponding balance pistons, 
L, M, and Z. The construction of the rotor of one of these 
turbines is shown in Fig. 209. Steam admission valves are 
shown as in the usual Parsons designs. The valve D admits 
steam to the high-pressure end of the turbine and is always under 
the direct control of the governor. The second valve, V, called 
the overload valve, is opened only when the turbine must be 
operated at overload or non-condensing when the condenser 
equipment is out of service (see page 307). At C the main steam 
pipe enters the steam-chest and the exhaust is at G. Main bear- 
ings are at A and B. 

A 5500-kilowatt Allis-Chalmers turbine-generator is illustrated 

in Fig. 103. Note that balance pistons are not used. 

, Governors and Low-Pressure Turbines. Methods for govern- 
ing Parsons turbines and designs of low-pressure steam turbines 
of the Parsons type are discussed in Chapters VIII and IX. 


Steam Consumption 
Lbs. per Kw. Hour 


10,000 20,000 30,000 40,000 50,000 60,000 
Rated Full Load Output - Kw. 


Fic. 104. Approximate Steam Consumption of Any Size of Large Steam 
Turbine (Intended Particularly for Parsons Types). 


Economy Curves. Fig. 104 shows fair average values of the 
steam consumption of good designs of Parsons turbines for 165 
pounds per square inch absolute steam pressure, 28 inches 
vacuum, and o° F. superheat. This curve shows why it has 
been found economical to replace 5000 kilowatt turbines by 
those of 30,000 to 60,000 kilowatts rating. Typical tests and 
curves of Westinghouse-Parsons turbines are given on pages 360 
and 361. 

The curves in Fig. ro5 are based upon the results of tests of a 
Westinghouse-Parsons steam turbine of standard construction. 
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It is stated by the manufacturers that the performance as shown 
by these curves is typical of machines of this type. 

The diagonal lines or “Willans lines” in the figure show the 
total water weighed or steam condensed per hour at various loads. 
The curves or “water rate curves”? show the variation in water, 
or more correctly, in steam consumption per horsepower-hour at 
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Fic. 105. Typical Economy Curves of a 1000-Kilowatt Westinghouse-Parsons 
Steam Turbine. 


various loads, that is, the ‘‘ water or steam rate”’ of the turbine. 
Each ‘ water rate curve”’ corresponds to a “‘ Willans line’? — the 
upper curve to the upper line, the lower curve to the lower line, etc. 
Operating conditions of these tests are: 
(1) Condensing — saturated and superheated steam (100° F.) 
(2) Non-condensing — saturated and superheated steam (100° 
F..)). 
(3) One-quarter rated load to 100 per cent. overload. 
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In the two overload tests the operation of the automatic 
secondary or overload valve may be observed. As before noted, 
it comes into action at a definite predetermined load as indicated 
by a bend in the water line. With the aid of this valve the best 
economy of the turbine is secured throughout the range of normal 
loading, whilc large overload capacity is available when desired, 
although at slightly decreased efficiency. When the secondary 
valve, however, has come fairly into action, the efficiency under- 
goes gradual improvement, as shown by the reversal of curvature 
of the curves of steam consumption. 

zz 


Effect of Vacuum and Superheat 
on Steam Consumption 
1500 K.W. Turbine Full Load 


150 Lbs. Steam Pressure 
Vacuum 


150 Lbs. Steam Pressure 
Dry Saturated Steam 


Steam Consumption - Lbs, per E.H.P. Hour 


26 3 27 28 
Vacuum - Inches 0 20 40 60 8 100 12 140 
Superheat Deg. F. 


Fic, 106. Curves of Steam Consumption of a 1500-Kilowatt Westinghouse 
Turbine with Varying Vacuum and Superheat. 

A turbine designed for condensing work will not operate non- 
condensing with quite as good economy as if designed to exhaust 
against atmospheric pressure. That this economy is, however, 
excellent is shown by the upper pair of curves. The water rate 
is somewhat less than double the condensing water rate. 

Fig. 106 illustrates graphically the effect of vacuum and super- 
heat on the steam consumption of a 1500-kilowatt Westinghouse 
turbine. The percentage change in the steam consumption is 
said to be about the same for all sizes. 
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THE WESTINGHOUSE “IMPULSE AND REACTION” DOUBLE- 
FLOW TURBINES. 


The double-flow principle has been adopted recently for the 
design of large sizes of Westinghouse turbines largely for mechan- 
ical reasons — primarily to avoid the end thrust which is an impor- 
tant factor in all reaction types. In small machines, however, 
the double-flow principle does not have the same advantages as 
in the large machines. It is very obvious that the economy of 
two small machines is not nearly as good as one of twice the 
capacity. With large machines, however, the change in econ- 
omy is not nearly so great when the capacity is doubled. This 
fact is well illustrated by the curve in Fig. 104. Test results as 
shown for large sizes are of the combined “ impulse and reaction’’ 
type. 

Fig. 107 illustrates a Westinghouse double-flow turbine with 
an impulse element. In its essential parts this turbine consists 
of a set of nozzles, an impulse wheel with two velocity stages, one 
intermediate section, and two low-pressure sections of Parsons 
blading. Steam enters the turbine through an opening in the 
lower half of the casing,* from which it is piped directly to the 
nozzle block shown at the top of the figure. Steam escapes from 
these nozzles fT at a high velocity to impinge on the impulse 
blades. The casing around the impu se wheel is made of suffi- 
cient size to permit a good distribution of the steam, so that it 
will enter the intermediate Parsons section evenly around the 
entire circumference of the rotor. After the steam has passed 
through the intermediate section it divides along two separate 
paths. One-half enters the left-hand section of the low-pressure 
Parsons blading and the other half passes through the interior of 


* Adyantage of steam entering the lower half of the casing is that the top can 
be removed without disturbing the piping supplying the turbine. 

+ These nozzles are made non-expanding. It has been shown that non-expand- 
ing nozzles give higher efficiencies than expanding nozzles with steam at less than 
about 70 pounds gauge pressure. (See footnote, page 55.) The designers of these 
turbines have recognized that there are nozzle losses due to under-expansion in a 
diverging or expanding nozzle when the steam is throttled at light loads. 
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the rotor shell which forms the connecting passage to the right- 
hand low-pressure section. Arrows indicate in the figure the 
passage of the steam through the shell. When the steam is dis- 
charged from the last rows of low-pressure blades, it passes into 
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Section of Westinghouse Double Flow Turbine. 


107, 


Fic. 


the exhaust pipes — of which there is one at each end — and 
then to the condenser. 

As there is practically no expansion in the impulse blades, these 
blade areas are made to increase only in proportion to the reduc- 
tion in steam velocity in each row of moving blades. 
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As the same pressure exists on both sides of the impulse wheel 
disk, this is not subjected to any end thrust, and requires no 
balancing. The small thrust due to the difference of pressure 
between the inlet and outlet of the Parsons intermediate section 
is accurately equilibrated by a “dummy” or balance piston, of 
moderate dimensions, located between the impulse wheel and 
the right-hand low-pressure section. The thrusts in the low- 
pressure sections are in opposite directions, and are therefore 
balanced. With these arrangements it is possible for the entire 
turbine to run in perfect equilibrium under all conditions of 
vacuum, pressure, and load. It is, of course, necessary to provide 
means for accurately fixing the axial position of the rotor, and 
for this purpose an adjustment bearing, shown at the right-hand 
end of the shaft in Fig. 107, is provided. It consists of a number 
of collars turned in the steel shaft, into which fit corresponding 
brass rings fixed in the adjustment blocks. The upper and 
lower halves of the adjustment bearing may be moved by means 
of micrometer screws, thus permitting the axial position of the 
rotor to be accurately known at all times. 

All double-flow cylinders are made in two parts, the upper and 
lower halves each being a one-piece casting. The -design is 
symmetrical throughout, devoid of longitudinal flanges except 
those at the center required for bolting the two parts together. 
The castings are first rough-bored, after the flanges have been 
planed and drilled, and are then “seasoned” with high-pressure 
steam for a number of hours to remove any local casting stresses 
in the metal. They are then given the finishing cut and assembled 
with the boring bar running in the bearing housing so as to 
insure a concentric bore. Manholes are provided at each end 
of the cylinder to permit access for interior examination, and 
auxiliary relief valves are fitted in each of the manhole covers to 
prevent the pressure in the exhaust passages from rising to a 
dangerous point in case of failure of the condensing apparatus 
or the sticking of the atmospheric relief valve in the exhaust 
piping as otherwise dangerous pressure would result in the casing. 

A Y-connection, fitted with two corrugated copper expansion 
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joints located below the turbine, connects the separate exhausts 
to the main exhaust pipe. These expansion joints provide for 
the expansion and contraction of the turbine casing. 

The rotating element of the turbine is built up of five cast-steel 
parts, in addition to the shaft. As may be seen in Fig. 107, 
these are the three Parsons blading supports, the impulse section 
and a dished plate. It is stated that the shaft carries its load 


Fic. 108. 7500-Kilowatt Westinghouse Turbine. 


(the weight of the rotor on the end supports) at one-third the 
distance from the points of support, so that this design allows a 
lighter shaft than would be required for distributed loading, and 
the consideration of deflection is practically eliminated. This 
built-up part of the rotor is rigidly attached to the shaft only at 
the right-hand support, and the opposite end is fitted with a 
bronze bushing surrounding the shaft, so as to permit the rotor 
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to move axially, without appreciable resistance, under any dif- 
ferential expansion of shaft and rotor.* The impulse section 
consists of a flanged cast-steel disk forced on the body carrying 
the intermediate Parsons blading. The flange of this disk is 
grooved at the base and forms the dummy piston for balancing 
the thrust of the intermediate Parsons section. Fig. 108 is a 
half-tone illustration of a 7500-kilowatt Westinghouse double- 
flow turbine. 

The rotor of a 6000-kilowatt double-flow turbine is shown in 
Fig. 109. Details of the arrangement of nozzles and blades are 


Fic. 109. Rotor of a Westinghouse Double-Flow Turbine. 


shown in Fig. 110. It is seen that the nozzle block is a casting 
quite separate from the turbine casing. As it receives steam 
from the governor valve, high temperature steam is restricted 
to a comparatively small casting which is made free to expand 
and contract with changes of temperature. 

A new type of shaft coupling for Westinghouse turbines is 
illustrated in Fig. 111. 

Westinghouse Emergency Speed Limit. A very interesting 
mechanism is provided with Westinghouse turbines for shutting 
off the steam supply in case the governor fails to act and a 
dangerous speed might be attained. Details of this mechanism 
are shown in Figs. 112a and 112b. In its essential elements it 


* This is an ingenious design but a more recent construction of Westinghouse 
rotors is shown in Fig. 112g, where the end sections of the rotor are cast integral 
with the sections of the shaft, as required at each end. 
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Fic. 110. Westinghouse Nozzle Block, Showing Arrangement of Nozzles and 
Blades. 


Fic. 111. Westinghouse Shaft Coupling. 
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consists of a “ weight pin” P, placed diametrically at right angles 
to the axis of the shaft, in a cylindrical “body” screwed on the 
main turbine shaft at the high-pressure end. Centrifugal force 
tends to drive this pin away from the center and through the 
loosely fitting collar N. This force is resisted, however, by 
the “weight spring” shown around the pin in the figures. 
The strength of this spring can be adjusted by means of the 
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Fic. 112a. Phantom View of Westinghouse Emergency Speed Limit. 


collar N, which is provided with a screw thread. Such adjust- 
ment determines the speed at which the centrifugal force over- 
comes the spring and forces the pin outward to engage with a 
triggercam L. ‘This cam is rigidly attached to one end of a short 
shaft S, which carries at its other end a trigger H. A small plate 
at the bottom of the valve lever C is supported normally at one 
end on the trigger H and at the other end on a screw provided 
for adjusting the spring on the auxiliary steam valve E. 


222 THE STEAM TURBINE 


If the speed of the turbine should become higher than the limit 
for which the “weight spring” is set, the pin P is forced out to 
engage with the cam L, which in turn moves the trigger H away 
from the valve lever plate which it supports. In this way the 
valve E is opened because the tension in the spring on its spindle 
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Fic. 112b. Drawings of Westinghouse Emergency Speed Limit. 


is released. ‘There is always high-pressure steam on the upper 
side of the valve E, and when it is removed from its seat this 
steam rushes through a pipe connecting the lower side of the 
valve to a small steam cylinder at the side of the main steam pipe. 
A short rod attached to a piston in this cylinder is moved by the 
steam pressure to strike a trigger which releases and closes the 
emergency valve on the main steam pipe. 
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Advantages of the Westinghouse Double-flow Type. In large 
capacities the following advantages are claimed for the double- 
flow type over the usual Parsons designs: 

(1) Reduction in size and weight due to higher permissible 

speed. 

(2) Almost negligible end thrust. 

(3) Blades and casing are not exposed to steam at high temper- 
atures. 

(4) Large volume per pound of steam at the admission to the 
first Parsons section avoids the use of very short blades. 

(5) Only one balance piston is required and this is of relatively 
small diameter. 

(6) Exhaust connections are considerably reduced in size, due 
to divided flow. 

(7) The impulse element is well suited to high pressure and 
superheat, and by this modification the shaft length is 
reduced nearly 50 per cent. 

An exact reproduction of a section drawing of a Westinghouse 
double-flow low-pressure turbine rated at tooo kilowatts is 
shown in Fig. 284 in Chapter IX. 

The following figures r12c, d, e, and f show designs used by 
the Westinghouse Machine Company for 25,000-kilowatt turbine- 
- generators to operate at 200 pounds per square inch absolute 
steam pressure, 29 inches vacuum and 200° F. of superheat. 
Fig. 112c shows the double-flow turbine designed for these con- 
ditions and operating at 1500 r.p.m. Fig. 112d shows a similar 
design operating at 750 r.p.m. A tandem compound arrange- 
ment operating at 750 r.p.m. is shown in Fig. 112e. In this last 
design it will be observed that the high-pressure portion is of 
the ordinary single-flow arrangement while the low-pressure 
end is made double-flow. The combined unit is connected to 
a single 25,000-kilowatt generator. A cross-compound turbine 
arrangement, Fig. 112f, with the high-pressure portion operating 
at 1500 r.p.m. and connected to a 12,500-kilowatt generator is 
shown here together with a low-pressure portion which is of the 
double-flow arrangement and operating at 750 r.p.m. The low- 


224 THE STEAM TURBINE 


pressure portion is also connected to a 12,500-kilowatt generator. 
These figures show the comparison to scale of the arrangements 
described above. 

All of these designs would give very excellent economy, and the 
choice of the unit would depend primarily on the two factors of 
first cost and economy, assuming that in each case the relia- 
bility for continuous operations is the same. 


Fic. 112c. Double-flow Reaction Turbine Designed for 1500 r.p.m. 


A close study of the four arrangements indicates that the 
double-flow turbine at 1500 r.p.m., direct connected to a single 
generator (Fig. 112g), is the cheapest construction. The large 


Fic. 112d. Double-flow Reaction Turbine Designed ae 750 I.p.m. 


areas required in the low-pressure stages of this turbine make 
high velocity and long length of blades essential, with the 
necessity of careful designing to properly take care of the stresses 
due to centrifugal force in the low-pressure end. 
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The most economical combination of the four is the cross- 
compound reaction turbine with the high-pressure portion run- 
ning at 1500 revolutions and the low-pressure portion at 750 
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Fic. 112e. “ Tandem-compound ” Reaction Steam Turbine. 


revolutions. With this arrangement the highest efficiency is 
obtained, because the method of combining the unit into high- 
and low-pressure cylinders, running at 1500 and 750 r.p.m., 


Fic. 112f. ‘‘ Cross-compound ” Reaction Steam Turbine. 


gives the condition for best blading proportions throughout the 
turbine without departing from established standards of prac- 
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tice. The construction, however, is considerably heavier than 
the single unit of the double-flow type (Fig. 112g) and is more 
costly to construct and install. At powers and speeds attain- 
able with single alternating-current units of, say, below 15,000 
kilowatts’ capacity, the double-flow turbine will be nearly, if not 
equal, to the cross-compound “‘straight reaction” turbine under 
the same operating conditions, and any difference in efficiency 
would probably be offset by the lower first cost of the double-flow 
machine. Taking into consideration both first cost and eff- 
ciency, between 10,000 and 40,000 kilowatts’ capacity, the double- 
flow machine is undoubtedly the proper type of construction. 


Fic. 112g. Section of Combined Impulse and Double-flow Reaction Turbine. 


The demand for turbine-generators is greatest between 4000 
to 15,000 kilowatts maximum rated capacity, within which range 
the double-flow machines of the combined impulse and reaction 
types of blading satisfactorily meet commercial conditions both 
with respect to cost and efficiency. There is, however, practi- 
cally the same to be said regarding turbines of the Curtis type 
having six to twelve pressure stages. 

Below 4000 kilowatts’ capacity the turbines consisting of an 
impulse wheel followed by single-flow reaction blading, and a 
“straight ” single-flow reaction turbine (Fig. 102, page 210, 
and Fig. 112i), represent the machines best suited for average 
operating conditions. In most cases the former would be pre- 
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ferred; but when the speed is to be made particularly low the 
preference goes to the latter. 

Thus with a speed of 3600 r.p.m. driving a 60-cycle generator 
at, say, 500 kilowatts, the best design would be a combined 
impulse and reaction machine for best efficiency and lowest 
cost. If, however, the generator to be driven was for 25-cycle 
service, with an allowable maximum speed of 1500 r.p.m. and 
the same capacity the single-flow reaction turbine would be 
selected, providing reaction blading was to be used at all. 

In general, however, the application of the combined impulse 
and reaction turbine, consisting of an impulse element for the 
high-pressure portion and reaction blading for the low-pressure 
portion, is well adapted for complete expansion turbines over 
wide ranges of power and speed; and since the introduction of 


Fic. 112h. Relative Lengths of Rotors in Two Common Types. 


this type, a large proportion of the firms building steam turbines 
have utilized this construction, either with Parsons or Rateau 
blading following the Curtis impulse element in the high- 
pressure end. The principal advantage of this type of con- 
struction is the shortening of the machine without very much 
loss in efficiency, the elimination of balancing pistons with the 
avoidance of the very considerable leakage of steam through 
them, and the securing of high economies at light loads by the 
application of the method of governing by “cutting out nozzles” 
(see page 277), now applied to Westinghouse turbines of the 
combined impulse and reaction type. 
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Fig. 112h shows the relative lengths of the rotors of the latest 
design of Westinghouse turbine with combined impulse blading 
and single-flow reaction blading compared with the conventional 
single-flow Parsons type with “‘ balance pistons ” (see page 198). 
Nearly 50 per cent. in length is saved, making the difficulties 
due to springing and expansion of the casing and rotor relatively 
small. 

Another important consideration in choosing between the 
“ straight ” single-flow reaction and the combined impulse and 
reaction types is that the former is generally preferred for 
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Fic. 112i. Single-flow Reaction Turbine with Kingsbury’s Thrust Bearing. 


moderate superheats and pressures, while the latter is selected 
when the superheats and pressures are high. 

Another important improvement in the construction of reac- 
tion turbines is shown in Fig. 112i where the Kingsbury type of 
thrust bearing is applied. By this means the usual “ balance 
pistons ” required for the single-flow type are eliminated. 

A recent design of a 20,000-kilowatt “ tandem ” type of reac- 
tion turbine is shown in Fig. 112j. At the right-hand side is the 
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Fic. 112j. Tandem Reaction Turbine. 


high-pressure turbine and at the left the low-pressure. This 
figure shows more clearly the type shown also in Fig. 112e. 
There are very few applications as yet for “land” service of 
this arrangement, although it is common for marine service. 


Fic. 112k. Relative Sizes of Steam Turbine-generators, from One Kilowatt to 
35,000 Kilowatts. 


Fig. 112k illustrates the relative sizes of steam turbine-gener- 
ators for capacities from one kilowatt for the smallest to 35,000 
kilowatts for the largest. The turbine is shown on the right- 
hand side and the generator on the left. 
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THE CURTIS TURBINE 


The Curtis steam turbine, of which the original patents were 
issued to C. G. Curtis about 1895, is manufactured by the 
General Electric Company at Schenectady, N.Y., and Lynn, 
Mass., the British Thomson-Houston Company at Rugby, 
England, and the Allgemeine Elektrizitats Gesellschaft at Berlin, 
Germany. 

As in the De Laval turbine, the steam is expanded in nozzles 
before reaching the moving blades, but the complete expansion 
from the boiler to the exhaust pressure occurs in this type usually 
in a series of stages or steps, as the steam passes through a suc- 
cession of chambers, separated from each other by diaphragms. 
The diaphragms and blade wheels of a four-stage Curtis turbine 
are shown by a section drawing in Fig. 113. Each chamber or 
stage contains usually one disk or blade * wheel. Steam at the 
admission pressure enters the first set of nozzles through the port 
A, where it expands to the pressure in the first stage and delivers 
a portion of its energy to the blades in the wheel F. The steam 
then expands again through a second set of nozzles in the dia- 
phragm C leading to a still lower pressure in the second stage, 
where it gives up a portion of the energy remaining to a second 
set of blades, and soon. In the very small units but one pressure 
stage is usually employed, but in the larger sizes from two to five 
are used. ‘The general arrangement of the nozzles and blades 
in a single-stage Curtis turbine was shown diagrammatically in 
Fig. 39. It is typical of these turbines that there are always 
three or more rows of blades following each set of nozzles, and 
at least one row is stationary. These stationary blades are 
technically called intermediates. There is practically no expan- 
sion in the stationary blades; the object of the several rows of 
blades is only to reduce the velocity, and for a given blade speed 

* The terms vane, blade, and bucket are often used interchangeably. 
Common practice, however, seems to apply blade to the Parsons turbine, and 
bucket to the Curtis, De Laval, and those of the Pelton type. In order, however, 


that the notation may not be confused, the term blade will be used in connection 
with Curtis as well as other types. 


231 


COMMERCIAL TYPES 


peoy ourqany, 


8[ZZON 332}S 3ST 


Tleys ourqany, 
Tmserydeiq o3v1S pug 


O[ZZON 03VIS pug 


zgsuapu0N OL, ——_———————————— 


Section of a Five-stage Curtis Turbine Showing Arrangement of 


Fic. 113. 


Diaphragms and Blade Wheels. 
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the steam velocity is reduced per pressure stage in proportion to 
the number of rows of moving blades. Each pressure stage is 
said then to have as many velocity stages as there are rows of 
moving blades. It must be noted, however, that, unlike the case 
of the Parsons turbine, the steam expands only in the nozzles, 
and the pressure is practically the same on both sides of any row 
of blades. 

Nozzles. The nozzles are generally rectangular in cross-sec- 
tion, with ‘“ rounded corners.” They are grouped closely to- 
gether, being cast either integral with the diaphragms or in 
separate plates (Fig. 114), which in assembling are bolted to the 
diaphragms. The number of nozzles is proportioned to the 


Fic. 114. Nozzle Plates of Curtis Turbines. 


power required and the degree of expansion used; in some cases, 
at least in the low-pressure stages, they extend completely around 
the diaphragm, making a continuous band of steam around the 
circumference. This method has the advantage of reducing 
blade rotation losses to a minimum, as explained in Chapter V. 
Steel, bronze alloys, and cast iron are employed for making the 
nozzles of Curtis turbines. 

Wheel Disks and Blades. The blade wheels are usually made 
of forged steel disks similar to Fig. 216, which increase in thick- 
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ness as they approach the hub, but in larger sizes the construc- 
tion shown in Fig. 113 is often employed. In some very small 
turbines the blades are cut in the solid rim by special machines, 
while others have drawn or rolled blades which are cast into 
segments (Fig. 115) of bronze alloy designed to be riveted to the 
rim. A dovetailing meth- 
od similar to Fig. 63 is 
now generally preferred 
to the method of inserting 
the blades by casting. 
The fixed blades, or inter- 
mediates, are also either 
cut or cast in segments Fic. rrs. Curtis Moving Blade Segments. 
(Fig. 116), and are fas- 

tened by bolts to the interior of the casing as shown in Fig. 57. 
These intermediates cover only the portion of the circumference 
upon which the belt of steam delivered by the nozzles can im- 
pinge. To make the blades more rigid, thin bands or shroud 
rings are riveted in segments to projections on their ends. 


Fic. 116. Curtis Intermediate Blade Segments. 


The wheels of a four-stage Curtis turbine are shown in Fig. 
117. There are two rows of blades on each wheel, so that in this 
design there are two velocity stages in each pressure stage. The 
shroud rings on each row of blades are plainly visible. 

Shafts and Bearings. The smaller sizes of Curtis turbines 
have horizontal shafts with standard bearings, as devices for 
flexibility are unnecessary at the speeds employed. At one time, 
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the larger sizes were constructed with a vertical shaft supported 
on a step bearing, shown at the bottom of Fig. 118, which is 
supplied with oil or water under pressure,* the shaft thus revolv- 
ing on a film of liquid. The small disk D is attached by dowels E 
to the main shaft. The bearing is between the stationary plate 
Cand the disk D. 
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Fic. 118. Step Bearing for a Vertical Curtis Turbine, 


Fig. 120 is a “‘ phantom ” view of a 300-kilowatt Curtis turbine- 
generator, showing the wheels, armature, and couplings as if the 
turbine casing and generator frame were transparent. 

Curtis units are manufactured from 15 kilowatts (about 20 
horsepower) at 3600 to 4ooo revolutions per minute to as high 
as 30,000 kilowatts (nearly 40,000 horsepower) at about 1500 
revolutions per minute, the general application being to direct- 
connected electric generators for power or lighting purposes. 


* Water pressure is usually 500 to 600 pounds per square inch. 
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Section of 30,000-Kilowatt Curtis Steam Turbine. 
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Fic. 120. Phantom View of a Curtis Turbine Showing Wheels, Armature, and 
Couplings. 
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Fic. 121. Ring Type of Emergency Stop. 
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Emergency Valve. Since a steam turbine can accelerate at 
a rapid rate and this increase in speed is not easily perceptible, 
it is important that all these machines be equipped with simple 
speed limiting devices which are operated automatically in emer- 


Fic. 122. Emergency Stop Valve 


gencies. The device shown in Fig. 121 consists of a steel ring 
(13) placed around the shaft between the turbine and the gener- 
ator. This ring, which is held in place by stud bolts (4), is 
placed in a slightly eccentric position, and the centrifugal force 
due to this unbalancing is counteracted by a helical spring (11). 
When the speed increases, the centrifugal effort overcomes the 
spring and the ring moves into a still more eccentric position as 
indicated by the dotted lines. In this position the ring strikes a 
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bell-crank lever, which trips, by means of a simple auxiliary 
mechanism and the tension rod L (Fig. 122), the throttle valve 
on the main steam supply pipe. The rod L is connected to the 
crank D, which operates to release the spring S, pulling up the 
gear and throwing out the hook G, which holds the valve open. 
When released by this emergency ring mechanism, the valve 


Fic. 123. Details of “Spring Type” of Emergency Stop. 


descends upon its seat with a very positive motion due to its 
own weight and the unbalanced pressure on the area of the 
valve stem. 

Fig. 123 shows a little different arrangement for tripping the 
valve. The free end of a spiral spring is thrown out by centrifu- 
gal force and strikes a bell-crank lever in very much the same 
way as the ring does. The emergency valve is opened by means 
of the hand wheel shown at the bottom of Fig. 122. 

No turbine should be kept in operation unless it is known that 
this speed limiting device is in reliable condition. 

Governor. Curtis turbines are governed by a method com- 
monly known as “ cutting out nozzles.” By this method the 
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number of nozzles which are open for the discharge of steam is 
regulated according to the requirements of the load. This method 
is described and typical Curtis governors and valve gears are 
illustrated in Chapter VIII. 


Fic. 124. 25-Kalowatt Curtis Turbine-Generator. 


Small Turbines. Fig. 124 shows a 25-kilowatt Curtis turbine 
and generator suitable for lighting a factory. The whole set 
occupies very little space compared with that required for a 
reciprocating engine. The shaft, armature, and turbine wheel of 
this set are shown separately in Fig. 125. One of the latest and 


Fic. 125. Wheel, Shaft, Armature, and Commutator of a Small Curtis Turbine, 


most efficient designs of blade or bucket wheels for Curtis tur- 
bines with two pressure stages is shown in Fig. 125a. The 
disks or wheels in the two stages are of the same diameter but 
the much greater blade length toward the low-pressure end 
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makes the actual over-all diameter at that end considerably 
larger than at the high-pressure end. 


Fic. 125a. Latest Construction of Blade Wheels of Curtis Two-stage Turbines. 


The most recent improvement in valve gears on Curtis tur- 
bines is shown on the turbine illustrated in Fig. 125b. The 


Fic. 125b. Horizontal Curtis Steam Turbine with Latest Steam-optrated Valve 
Gear. 
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centrifugal governor is placed at the upper end of a vertical shaft 
between the turbine and generator, which is driven by worm 
gearing from the main shaft of the turbine. The motion of the 
main governor is transmitted to the valve gear * by means of 
levers and rods, which operate a small pilot valve, controlling 
the admission of steam to a steam cylinder at the upper end of 
the valve mechanism. That is, the pilot valve serves to admit 
steam either above or below the piston in the steam cylinder. 
The piston rod extends into the steam chest and on this rod 
are mounted a series of spiders, which engage a corresponding 
series of annular double-seated admission valves. The spiders 
on the valve rod are arranged so that the valves are lifted from 
their seats in sequence as the rod is raised by the steam cylinder 
under control of the pilot valve. As each of the valves is lifted 
from its seat, steam is admitted from the central space within 
the annular valves to passages leading to the turbine nozzles. 
Correction Curves. Typical curves showing the variation in 
steam consumption of a 500-kilowatt Curtis turbine, due to in- 
creasing superheat and vacuum, are shown in Figs. 126 and 127. 


Steam Consumption 
Lbs.per Kw. Hour 


Steam Consumption 
Lbs-per Kw. Hour 


Superheat Degs,Fahr, 


Fic. 126. Fic. 127. 


Curves Showing the Effect of Superheat and Vacuum on the Steam Consumption 
of a 500-Kilowatt Curtis Turbine. 


Such curves become most useful, however, when they are re- 
duced to equivalent percentages like those for De Laval turbines 


* This valve gear is described more completely with the help of illustrative 
figures on pages 289 and 291. 
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shown on pages 192 and 193. In Chapter VI the correct method 
for making this transposition was explained. 
Steam Consumption. Fig. 128 is a curve to show approxi- 
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Fic. 128. Approximate Steam Consumption of Any Size of Curtis Turbine 
with 165 Pounds per Square Inch Absolute Pressure, 28 Inches Vacuum, and 
no Superheat. 


mately the steam consumption of any size of Curtis turbine at the 
rated full load. All the data for this curve were corrected by 
using percentage curves like those referred to above, which served 
to reduce the conditions'of the various tests to assumed conditions 
of 165 pounds per square inch absolute steam pressure, 28 inches 
vacuum, and no superheat. To get sufficient data for this 
curve it was necessary to include some tests made with com- 
mercial loads, making its values probably a little higher than 
they would be if all the tests had been run with a constant load. 

Analysis of Losses in a Curtis Turbine. Steinmetz has calcu- 
lated the energy distribution in a typical two-stage Curtis tur- 
bine and has given the results in the diagram in Fig. 129. 


WESTINGHOUSE IMPULSE TURBINES. 


Still another type of steam turbine intended particularly for 
small capacities has been developed by the Westinghouse Ma- 
chine Company, as illustrated in Figs. 130 and 131." Machines 
of this type are suitable for a capacity as low as one kilowatt. 
By this construction it is possible to secure with the use of only 


* Turbines of this type are known abroad as “ Electra” designs. In these 
foreign turbines the direction of flow of steam is different in that it is radial. 
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Fic. 129. Analysis of the Losses in a Turbine with Three Velocity Stages in 
Each of Two Pressure Stages. 
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Fic. 130. Westinghouse Impulse Turbine (with one reversal), 
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one row of moving blades an effect similar to the velocity stages 
in a Curtis turbine with only one row of moving blades or 
buckets as illustrated in Fig. 130. This design is’ suitable for 
the pressure drop in non-condensing operation. The arrange- 
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Fic. 131. Westinghouse Impulse Turbine (with two reversals). 


ment shown in Fig. 131 has two reversals of the steam and is 
suitable for condensing operation. 


Fic. 131a. Three Sizes of Small Westinghouse Impulse Turbines. 


The advantages of this construction are that it is essentially 
simpler than the De Laval in the elimination of speed-reduction 


gears, and requires a very much smaller number of blades 
than the Curtis type. 
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RATEAU TURBINES. 


Professor Rateau of Paris is also a pioneer in the development 
of a well-known type of steam turbine. His first experiments 
were made with a turbine having a single impulse wheel; but he 
soon abandoned this type in favor of a multiple wheel construc- 
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Fic. 132. Diagrammatic Representation of Four Stages of a Rateau Turbine. 
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tion. The Rateau turbine is often called “ multicellular,”’ 
meaning that it consists of a large number of “cells”? or 
pressure stages of which the separating walls are diaphragms 
similar to those in a Curtis turbine. The principle of the 
Rateau turbine is illustrated by the section drawing in Fig. 132, 
which shows diagrammatically four stages. Essentially the 
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Rateau type differs from that of Curtis in that it has a much 
larger number of pressure stages or “cells” but no velocity 
stages. There is therefore only one row of blades in each stage. 
Except for the fact that turbines with simple disk wheels can be 
operated at higher blade speeds than reaction turbines of the 
drum type (Parsons), making the efficient utilization of steam at 
higher velocities possible, the Rateau and the Parsons types 
would require the same number of stages. Rateau turbines 
have from 20 to 4o stages respectively, depending on whether 
they are for non-condensing or for condensing service. For 
given blade-speed, steam pressure, and superheat, the number of 
stages increases, although not proportionally, as the exhaust 
pressure is reduced. 

Nozzles and Diaphragms. Annular nozzles are set in each of 
the diaphragms between the stages. Because of the large num- 
ber of stages, the pressure drops are very small, so that the 
nozzles are made with a uniform cross-section along their length; 
that is, they are non-expanding. To allow for the increased 
volume of the steam as it expands, in almost all the other types 
of impulse turbines the nozzles are made with at least somewhat 
larger radial width for the lower pressures. In Rateau turbines, 
however, the same increased nozzle area is secured by increas- 
ing only the arc or part of the circumference occupied by the 
nozzles. In the last stages, then, where the entire circumference 
of the diaphragm is made use of, a complete annular jet 
results. 

Rateau nozzles are arranged in groups very much like the 
Curtis nozzle plate shown in Fig. 114. Diaphragms of several 
sizes of these turbines are shown in Fig. 133. Several groups of 
nozzles can be seen in each diaphragm. At the high-pressure 
end of the turbine there are only a few groups (usually about 
three), but in each succeeding stage there is a greater number. 
Because the steam discharged from the blades is carried along a 
short distance by the rotation of the wheel, a portion of each 
group of nozzles is located a little in advance of the preceding 
set. 
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One of the advantages claimed by Rateau for multi-stage 
types over those in which the steam is admitted around the whole 
periphery in all the stages, is that since the volume of the steam 


Fic. 133. Diaphragms of a Rateau Turbine Showing Nozzles and a 
Shaft Packing with ‘“‘ Water Grooves,” 


at the admission end is small, the blades, in the Parsons type for 
example, have necessarily a small radial height, so that there is 
more friction due to the passage of steam than where the steam 
spaces are larger and the volume of the steam is large in pro- 
portion to the surface of the blades. 
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500-Horsepower Ridgway-Rateau Turbine (7 stages). 


FIG. 134. 
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Description. Fig. 134 is a section of a 500-horsepower Ridg- 
way-Rateau turbine of seven stages. It will be observed that 
this turbine is a remarkably simple design. This turbine is de- 
signed to operate at 2400 revolutions per minute. In this figure 
the main steam pipe is shown at the bottom of the casing. 
From this pipe the live admission steam is discharged into the 
cored passages supplying the first stage nozzles after passing 
through the throttle valve controlled by the governor. The 
exhaust pipe leading to the condenser is cast integral with the 


Fic. 135. Cast-in Nozzles of Ridgway-Rateau Turbines. 


base at the right-hand end of the casing. Carbon packings in 
bushings of anti-friction metal are fitted in the diaphragms 
where the shaft passes through them. Steam leakage through 
these packings is reduced to a very small amount. 

A Moore steam turbine which differs from the conventional 
Rateau type in having two velocity stages in the first pressure 
stage is shown in Fig. 137. 

Wheel Disks. Typical Rateau disks, as made for the Inger- 
soll-Rand steam turbine, are shown in Fig. 136. Details of 
original Rateau designs are shown in Fig. 132. In some types 
a shroud ring is fitted around the blades. The blades resemble 
those used in De Laval and Curtis turbines. The holes shown 
in the disks are provided for equalizing any possible difference 
in pressure. Fig. 136 shows also a detail of the blading. | 
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Manufacturers. Rateau turbines are constructed by the 
pioneers, Sautter, Harlé & Co., at Paris, by the Maschinenfabrik 
Oerlikon in Switzerland and by many other companies in Europe 
American types are made by the Ridgway Dynamo & Engine 
Company of Ridgway, Pa., the Ingersoll-Rand Company ot 
Phillipsburg, N. J., and the Southwark Foundry & Machine 
Company of Philadelphia. Rateau designs are frequently used 
in combination with Curtis blading, as for example in Fig. 137, 
and the example, pages 102-111. 
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Fic. 136. Disks of Ingersoll-Rand Turbine Assembled on Turbine Shaft. 


Low-Pressure Rateau Turbines are extensively used in Europe 
to operate with the exhaust steam from rolling mill and mine 
engines. Professor Rateau has designed a steam accumulator 
(Fig. 182) for application in such cases where the steam supply 
is intermittent. It is described in Chapter IX in the discussior 
of low-pressure steam turbines. 
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Cross-Section of a Ljungstrom Turbine Showing Blade Wheels, Shaft Packings, and Bearings. 


Kies t40. 
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LJUNGSTROM TURBINES 


Until recently all the commercial types of steam turbines were 
designed to discharge the flow of steam in the direction of the 
shaft with only a relatively small increased diameter of the blade 
wheels or rotors at the low pressure end. A new type of turbine, 
which seems to have some possibilities for commercial develop- 
ment, has been designed and manufactured in Europe, which 
differs materially from the usual types. This is the Ljungstrom 
turbine, which is a reaction type but arranged for radial instead 
of axial flow of the steam; that is, the steam flows radially out- 
ward from the shaft to the periphery. Although the Ljungstrom 
turbine has been manufactured in America, as yet its commercial 
possibilities are still uncertain, usually because of manufacturing 
costs. The aim of this design is to increase the blade speed by 
revolving each disk with its blades in the opposite direction 
to the adjoining disks. The relative velocity of the blades to 
each other is thus twice the relative velocity when, for example, 
adjoining blades are stationary as in reaction blading of the 
Parsons type. 

The Ljungstrom turbine shown in Fig. 141 consists in its es- 
sential parts of two sets of concentric rows of blades and each row 
is connected to its respective disk. The two sets of rows of blades 
rotate in opposite directions. Each row of these moving blades 
is connected to its supporting disk on one side by a bulb-headed 
expansion ring; on the other side, the blades are unattached. 
There are no stationary blades. High pressure steam enters 
a steam chest of the turbine located around the central shaft 
very much as steam enters around the shaft of purely reaction 
turbines of the Parsons type. From this steam chest, the steam 
flows readily outward between two seis of rows of moving blades 
which rotate together with their supporting disks in opposite 
directions. If, for example, such a turbine is used to drive electric 
generators, one set of blade disks is connected to one generator 
and the set of blade disks rotating in the opposite direction is 
connected to a second generator. The two generators are thus 
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connected electrically and the two generators operate as a single 
unit. It is interesting to note that an 8000 kilowatt unit of this 
type has 21 rows of moving blades, and the mean diameter of the 
largest blade ring is 35 inches and of the smallest, 6 inches. A 
turbine of the Ljungstrom design is very light in weight and 
compact because the ratio of blade speed to steam speed is high, 
its efficiency as regards the use of steam in the turbine blades is 
remarkably good. It also has the advantage of being suitable for 
highly superheated steam without danger of distortion. 

The length of the blades increases as the expansion proceeds. 
At the end of the set of stages having single-row blades, the 
length of the blades increases to a point where a single long 
blade would be too weak. In the succeeding stages blades the 
steam flow is divided into four parts. This gives an opportunity 
to introduce reinforcing sections into the blades. ~ 

To enable the turbine to carry an overload, provision is made to 
admit high pressure steam to the blades through the passages 16 
by means of a hand-operated valve 17 or an automatic valve 18. 
Labyrinth disks are provided to prevent the leakage of high 
pressure steam into the exhaust when the overload valves are 
open. Labyrinth disks 20 are stationary and disks 21 rotate 
with the blade wheels going in one direction. When the 
turbine is carrying an overload, the high pressure blading does 
not function very much. It is probably the most efficient 
turbine that has yet been built. Some experimental work has 
been done in this country on turbines of this type but as yet 
no factory has been able to manufacture them to compete 
with the axial flow machines. 


WILKINSON TURBINES 


To prevent the leakage of steam between the diaphragms and 
the shaft (stage leakage), which in some impulse turbines is a 
considerable loss — often 10 to 20 per cent. —a very ingenious 
system of steam packing has been devised by Wilkinson. A 
drawing illustrating this system is shown in Fig. 142. By this 
device, steam containing a large amount of condensation is dis- 
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charged into grooved packings between the diaphragms and the 
shaft through ducts drilled into the hubs of the disks. This wet 
steam is taken from a part of the labyrinth packing at the high- 
pressure end of the turbine — through which there is always 
some leakage of steam — and is conducted in the ducts shown in 
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Fic. 142. Wilkinson Labyrinth Stage Packing. 


the figure, which are arranged so that the steam discharged into 
a diaphragm packing is at a slightly higher pressure than that on 
either side of the diaphragm. It is probably possible in this 
way to practically eliminate the loss due to stage leakage. 


ZOELLY TURBINES 


The Zoelly turbine is a modified form of the multi-stage 
impulse type. It has fewer stages (about 5 to 10), and is gen- 
erally a much simpler design than a Rateau turbine. It repre- 
sents a noteworthy attempt at increasing the steam velocities in 
the blades; but with it results the great disadvantage that the 
surfaces of the numerous large wheels and blades, many of 
which move at high speeds in steam of high pressure, produce 
excessive losses due to fluid friction. This fluid friction of disks 
and blades increases, of course, enormously as the speed and the 
pressure of the steam are increased. 

In a Zoelly steam turbine there are a number of single impulse 
wheels, each rotating in a separate chamber, the walls of which 
are formed by stationary flat disks to which the nozzles are 
attached. At the high-pressure end the nozzles occupy only a 
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portion of the periphery; but the area covered gradually in- 
creases till at the low-pressure end practically the whole circum- 
ference is covered. The tops of the blades are cut off parallel 
to the shaft, but at the roots they are made with a considerably 
greater height on the discharge side than on the entrance side. 
This is of course desirable to allow for the loss of velocity in the 
blades, but it is stated that the height is made unusually large to 
cause the steam to flow smoothly through them without producing 
eddies.* The most interesting part of the design of this turbine 
is, however, in the construction of the blade wheels to resist the 
stresses due to extraordinarily high peripheral speeds. As the 
blades for this turbine are made at present, they are much longer 
in comparison with the size of the wheel than in any other turbine; 
in fact, the length of the blade is sometimes nearly one-half the 
radius of the wheel. These long blades are tapered off toward 
the outer ends in order to make them of uniform strength. 

Zoelly deserves the distinction of being the first to adopt, in 
impulse turbines, the use of blades with unequal angles at the 
entrance and exit sides. Simplicity in the design of the working 
parts is the most striking feature of these turbines. 

Stage Leakage between the diaphragms and the shaft of 
steam turbines resembling the Curtis and Rateau types is easily 
measured by computing the flow through the nozzles for dis- 
charging steam that are located in the diaphragm through 
which leakage is to be determined. For this calculation by the 
use of the formula (4), page 39, only the area of the nozzles 
actually open and the initial pressure at these nozzles are re- 
quired in most types of impulse turbines of a few stages; that is, 
when the final or discharge pressure of the steam from the nozzles 
is less than .58 of the initial pressure of the steam entering the 
nozzles. The difference between the actual steam consumption, 
preferably measured by a surface condenser, and the calculated 
flow is the stage leakage. 


* It is probable that there is considerable expansion of the steam in such blades. 
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PELTON AND SIMILAR BUCKET WHEEL TURBINES. 


Impulse turbines with bucket wheels of the Pelton type have 
recently received a great deal of exploitation from inventors in 
America. This type has probably received so much attention 
because the Pelton water wheel, commonly known as the “ hurdy- 
gurdy ” wheel, has proved so efficient in American water power 
plants where a high head is available. 

Professors Rateau in Paris and Stumpf and Riedler in Berlin 
have done a great deal of experimental work on such turbines, 
but they have practically abandoned them for those with blade 
wheels of the common axial flow type. Rateau has now adopted 
his famous “ multicellular” type, and Riedler is engaged in 
developing the Curtis turbine in Germany. 

Sturtevant Turbine. A steam turbine has been developed by 
the B. F. Sturtevant Company, Boston, Mass., from designs 
prepared by Mr. O. D. H. Bentley, which in the general bucket 
arrangement is similar to the early Riedler-Stumpf type.* This 
turbine was developed primarily for driving blowers, but it is, 
of course, equally applicable for other purposes. It is notable 
particularly for its extreme simpl city and strength. 

Fig. 143 is a good illustration of this turbine, showing the 
buckets in the wheel and the segments on the inside of the 
casing including the nozzles and the stationary “ reversing ” 
buckets. Three, four, or five of the latter are cut into the seg- 
ment, following each nozzle, depending on the velocity of the 
steam. Fig. 144 shows more clearly the arrangement of the 


* The unique feature of the Riedler-Stumpf turbine was in the bucket wheels, 
of which the Sturtevant wheel in Fig. 143 is a good illustration except that there was 
usually a double row of buckets on the rim of each wheel. These wheels were 
patented by Prof. Stumpf and developed with the assistance of Prof. Riedler. The 
buckets were cut into the rim of the wheel by a milling machine, and were arranged 
to overlap each other like the shingles of a roof, instead of being placed one in front 
of another as in a Pelton water wheel. Unusual attention was given to balancing 
the wheels, which were in the form of flat disks. Stumpf states that these disks 
were balanced so accurately that the center of gravity came within .oo4 of the 
diameter ftom the geometric center. These disks were similar to the design in 
Fig. 216. It is stated that such wheels were designed for a factor of safety of 5 
at a rim speed of 1200 feet per second. 
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Fic. 143. Sturtevant Turbine Showing Arrangement of Buckets. 
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Fic. 144. Sturtevant Nozzle and Stationary Buckets. 
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nozzle with respect to the stationary buckets. The nozzle is 
the elliptical opening shown next to the first bucket, counting 
from the left. As shown here the steam flow will then be 
toward the right from the nozzle into the bucket opposite it on 
the wheel. From this moving bucket the steam will be diverted 
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Fic. 145. Section of Sturtevant Turbine. 


back into the stationary bucket next to the nozzle and the steam 
path continues alternately through moving and _ stationary 
buckets until the last stationary bucket has been passed, when 
it will escape into the casing and into the exhaust pipe. 

Fig. 145 is a sectional view of the turbine. Hand wheels are 
shown on valves by which the flow of steam into the nozzles can 
be controlled. It is thus possible to close some of the nozzles 
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on light loads and obtain nearly as good efficiency and steam 
consumption as at full load. The method is the same as ex- 
plained for De Laval turbines on page 180. The governor of the 
centrifugal throttling type is shown at the extreme right-hand 
end of the turbine shaft. It is one of the type with weights 
acting on knife edges, in principle somewhat like the De Laval 
governor (Figs. 160 and 161). Like other parts of this turbine 
it is made as simple as possible, consisting of very few parts as 
shown in Fig. 147. 


Fic. 147. Sturtevant Governor. 


The main bearings have solid lings of phosphor bronze. 
They are of the self-aligning, ring-oiling type. The weight on 
these bearings never exceeds 14 pounds per square inch of bear- 
ing surface. 

The speed of these turbines is from 1000 to 4000 revolutions 
per minute. These low speed limits compared with the speeds 
of single-stage De Laval turbines are made possible by the 
application of the velocity stage principle in the use of the 
reversing buckets. 

Fig. 148 is an illustration of a Sturtevant turbine direct-con- 
nected to a ventilating fan or blower. The governor mechanism 
is at the left-hand end. Valves for closing nozzles to adjust the 
steam supply to the load, to get the best efficiency of the nozzles 
and blades, are shown clearly outside the casing. 
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The bucket wheel is a single forging of open hearth steel, and 
as the buckets are cut out of the solid metal, a wheel of great 
strength is secured. Blade breakage and ‘‘striking”’ are elimi- 
nated, because if the bucket wheel should get out of line and 
touch the casing on its sides, the result would be merely like the 
rubbing together of two steel plates, which would produce no 
serious injury. 


Fic. 148. Sturtevant Turbine Direct-connected to a Blower. 


This turbine was designed to require the minimum amount 
of attention and repairs. It is stated that it can be operated 
continuously under ordinary conditions with no more attention 
then the weekly filling of the oil wells in the main bearings. It 
is therefore particularly well suited for driving any type of 
auxiliary machinery, especially such as may be located in inac- 
cessible places. Such turbines make operating expense and 
depreciation low, and it is stated by some engineers that they 
have operated turbines of this type for five years at a time 
without any expense for repairs. 

Kerr Turbine. An impulse turbine of the Pelton type has 
been patented by Mr. C. V. Kerr and was formerly manufactured 
by the Kerr Turbine Company, Wellsville, N. Y. In this tur- 
bine Pelton double cup-shaped buckets are used into which jets 
of steam at high velocity are discharged from nozzles, located 
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as in Fig. 149, around the periphery of the wheel. The inside 
surface of each bucket is formed of two intersecting surfaces of 


Fic. 149. Kerr Bucket Wheel and Nozzles. 
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Fic. 150. Sectional View of the Kerr Turbine (Pelton Type). 


revolution, approximately ellipsoidal, somewhat like the reflector 
of a locomotive headlight. 


A section of this turbine is shown in Fig. 150. In this 
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design there are five compartments or stages, each with a single 
bucket wheel. In the design of this turbine provision was made 
for its manufacture in standard “unit parts.” In this sense the 
turbine casing shown here in section consists of steam and exhaust 
end castings and a number of nozzle diaphragms between the 
ends. In the chambers thus formed steel disks revolve, each 
having a row of buckets dovetailed in the rim. By this simple 
arrangement it is possible to build up turbines of any size for 
any pressure and vacuum by adding sections of nozzles as may 
be required. The nozzles are screwed into steel nozzle bodies, 
which are accurately set in place and riveted into the diaphragm 
castings. 

The governor is of the centrifugal type, consisting of weights 
moving on knife-edges. A section of the governor weights and 
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Fic. 151. Section of Kerr Governor Weights and Mounting. 


their mounting is illustrated in Fig. 151. The weights are sup- 
ported at three points. The hardened knife-edge at B is straight, 
and of sufficient width for the stresses on it. At go degrees on 
each side is a rolling contact at C. The curve at this point is 
such that the bearing between the weight and the cam collar is 
always on the line of centers. Pure rolling contact is thus 
secured, and the weight, without being fastened in position, is 
firmly driven by its triangular * support. The outward move- 
ment of the weights compresses the governor spring and oper- 


* The triangular or 3-point support is on B and on the two rolling surfaces at C 
on each side of B. 
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ates, through lever connections, a balanced piston valve con- 
trolling the flow of steam. 

Fig. 152 shows a Rateau type of turbine as now made by the 
Kerr Turbine Co. Because of the simplicity of the design these 
turbines are particularly suitable for “isolated” lighting plants. 
These are sometimes provided with gears. 

Terry Steam Turbine. Like the Sturtevant turbine, the one 
invented by Mr. Edward C. Terry belongs to the Pelton impulse 
type in which there are two or more velocity stages. Stationary 
reversing buckets are arranged in groups — one for each nozzle — 
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Fic. 152. A roo-Kilowatt Kerr Turbine. 


around the interior of the casing. These bucket groups are shown 
in Fig. 153, where a Terry turbine is shown with the upper half 
of the casing raised for inspection. In this illustration there 
are four stationary buckets for each nozzle. Obviously the steam 
is returned to the moving buckets as many times as there are — 
stationary buckets in each group. These stationary buckets are 
made of gun metal, and each has a crescent-shaped hole at the 
center through which the steam partially exhausts. There is, 
therefore, apparently considerable expansion in the moving 
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blades. A valve is provided for each nozzle, so that when it is 
desired some of them can be closed. Speeds of these turbines 


Fic. 153, Terry Turbine with the Casing Raised. 


vary from 2500 for a 1o-horsepower size to 1600 for 300-horse- 


power. 
Fig. 154 is an illustration of a Terry turbine direct-connected to 


a five-stage high-pressure turbine pump. 
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Dake Steam Turbine. This turbine has stepped buckets, but 
the nozzles do not discharge radially. Stationary and moving 
buckets, with a section of the bucket wheel, are shown in Fig. 155. 
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Fic. 156. Diagram of Nozzles and 
Fic. 155. Steam Passages ina Dake Buckets of a Dake Turbine Showing 
Turbine. Expansion Wedges. 


This arrangement is unique in that the steam passes through the 
stationary buckets b in an axial direction, and is deflected radi- 
ally by the two sets of buckets a and c on the wheel. Steam 
enters the nozzles from the steam chest S. Relative positions of 
nozzles and buckets are illustrated diagrammatically in Fig. 156. 
Actually in the turbine the horizontal lines in this figure are, of 
course, arcs of circles. The “steps” shown here in the wall of 
the bucket ring are intended to bring the surfaces upon which 
the steam impinges nearer to the nozzles and to present always 
approximately the same angle to the flow of steam. 

The nozzles are designed with the object of delivering the steam 
to the buckets in parallel jets. Throughout their lengths the 
nozzle walls are the same distance apart, and expansion is secured 
by the use of ‘‘ expansion wedges,” shown plainly in both figures, 
which are set centrally in the nozzles. These wedges can be 
readily removed and replaced, so that it is not difficult to insert 
a wedge properly proportioned to give the best expansion for a 
given steam pressure. 
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SPIRO TURBINES.* 

The Spiro turbine (Fig. 157) consists simply of two herringbone 
gear wheels which mesh together and revolve in a close-fitting 
casing. Steam enters at the inlet pipe at the bottom and passes 
around the gears in its expansion to the exhaust pipe at the top. 
Steam discharges from the inlet pipe through the small holes, 
equivalent to non-expanding nozzles shown in Figs. 158 and 1509, 
into the “ pockets ” or spaces between adjacent gear teeth. As 


Fic. 158. The Spiro Casing or Cylinder. The two holes near the central rib 
inside the cylinder are the steam nozzles. 


the rotors revolve the “ tooth-space”’ occupied by the steam 


increases in length as the steam expands. Finally the steam 
escapes when the outer ends of the teeth pass the line of contact 
between the two rotors. The increased length of this “ tooth- 
space ”’ from the time the steam is admitted until it is exhausted 
is shown in Fig. 160, by the comparison of the length of the 
tooth-grooves at ‘‘ A” with the length of the outer white lines. 
By having the steam inlet at the bottom the weight of the rotors 
is partly carried by the steam pressure and friction is much 
reduced below what it would be if the inlet were at the top. 

* It is generally understood that a steam turbine is a machine for transforming 


the velocity of steam into work. The Spiro turbine operates only by the expansion 
of steam, and is therefore more correctly a rotary engine. 
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Spiro turbines are suitable only for non-condensing operation 
and find application usually for driving the auxiliaries like 
blowers and pumps in a power plant or in office buildings where 
the exhaust steam is passed through feed-water heaters or is used 


|, EXHAUST 


Fic. 159. Section of Spiro Cylinder and Rotors at Mid-length. 


Fic. 160. The Rotors. 


for heating buildings. Under these conditions low steam con- 
sumption, as would be obtainable with condensing operation, is 
unimportant, Sufficient expansion for condensing operation is 
impracticable with this type of turbine. Compactness is also 
an important feature. The casing of such a turbine is alone no 
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larger than the cylinder of a good high-speed engine of the same 
capacity and is even smaller than comparable commercial sizes 
of electric motors. Governing is accomplished by throttling the 
steam pressure by a method similar to that used for nearly all 
steam turbines of relatively small size (less than 100 horsepower). 


CHAPTER VIII. 
GOVERNING STEAM TURBINES. 


MetHops of governing steam turbines, or, in other words, of 
regulating the supply of steam to suit the load on the machine, 
may be classified as follows: 

1. Throttling or partly closing the steam admission valve. 

2. Varying the cross-section of the steam passages by “cutting 
out nozzles.”’ 

3. Varying the.time of admission, or “blast” governing. 

4. Admitting steam at boiler pressure at various points along 
the direction of steam flow, or ‘‘ by-pass” governing. 

When the steam admission of a turbine is partly closed, the 
amount of steam passing through the valve ports is, of course, 
reduced; but at the same time the steam is throttled, meaning 
that the pressure is reduced without changing the heat contents 
in a unit weight. Although in this throttling process the total 
heat in a pound of steam remains unchanged, the energy avail- 
able from expansion is considerably reduced. If steam at 165 
pounds per square inch absolute pressure which contained ini- 
tially 2 per cent. moisture is throttled without loss of heat, that 
is, without doing work, to 25 pounds per square inch absolute, 
the steam at this lower pressure will have 40 degrees F. of super- 
heat. Now if the available energy is calculated for adiabatic 
expansion from this lower pressure and 4o degrees F. super- 
heat to 1 pound absolute, it is found to be 207 B.T.U. The 
available energy for adiabatic expansion of steam at the initial 
condition before throttling (containing 2 per cent. moisture) 
to the same final pressure is, on the other hand, 316 B.T.U.* 

* Although the moisture is removed and the steam is superheated there is no 
gain to offset the loss in available energy except that the disk and blade rotation 
losses are reduced; but the gain from this cause could not probably exceed 10 per 


cent. “ Drying” action then is not very important, and it will have very little 
influence in remedying large losses due to throttling. 


274 


GOVERNING STEAM TURBINES » Pals 


In this extreme case of throttling, the available energy of the 
steam is reduced about 35 per cent. and consequently, for the 
same work, approximately 35 per cent. more steam is needed with 
throttling valves than if the steam could be used at light loads 
without throttling. It is not unusual for turbines governed by 
throttling to take steam at full load at 135 pounds pressure 
when the steam supplied is at 16s pounds. Then the 
maximum pressure becomes available only on overload just before 
the stage valves open. Efficiency of an expanding nozzle is 
considerably reduced when it is used with pressures very much 
different from that for which it was designed, as shown by the 
curve in Fig. 28. Blade efficiencies are similarly reduced when 
the available energies and consequently the velocities are not 
those for which the blades were designed. Fig. 161 shows very 


Steam Consumption 
Lbs.per Kw. Hr 


Fic. 161. Effect of Throttling on Steam Consumption. 


plainly the effect of throttling on the economy of steam turbines. 
The two curves in this figure show the steam consumption per 
electrical kilowatt for a 600-kilowatt turbine when operating 
(1) with a throttling governor, and (2) with a governor varying 
the steam supply by changing the area of the steam passages, that 
is, governing without appreciable throttling. In spite of these 
defects, however, governing by throttling has been fairly satis- 
factory. 

In the De Laval, Rateau, and Zoelly turbines governing is 
effected by throttling devices. For most turbines, the governor 
itself is similar to centrifugal governors used in reciprocating 


engine practice. 
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Fig. 162 shows cross-sections of a typical De Laval governor. 
It consists of two half cylinders B, B which are pivoted in a short 
outer casing by the knife-edge A. Inside the casing these cylin- 
ders are fitted with pins C, C which press on a collar D when the 
other ends of these cylinders (at B) are thrown out, or tend to 
separate, by centrifugal force. The pressure on the collar D 
transmitted by the pins compresses the springs and forces a 
central spindle G toward the right, which moves with it the 
bell-crank L. This bell-crank moves a short shaft which passes 
through the steam pipe and has attached to its other end by 
means of a set-screw a lever (shown in the section of the valve, 
Fig. 163) operating the main admission valve. The weight of 
the valve and levers is balanced by the small spring N. The 
bell-crank L has a certain “play” in M which is adjusted to 
make the governor not too sensitive to momentary changes in 
speed. The valve travel is only about one-eighth of an inch 
fron#the closed to the wide open position. 

The governor frame is supported on a tapering rod E which is 
fitted into the end of the main turbine shaft K. 

With condensing De Laval turbines a vacuum valve T is 
arranged in connection with the governor to act as an emergency 
stop valve. In case the turbine exceeds the allowable speed 
limit due to the failure of the main admission valve to operate 
properly, the vacuum valve admits air to the turbine exhaust 
pipe through the passage P. The steam consumption when 
operating non-condensing is so much greater than when condens- 
ing that it is said to be impossible to exceed the rated speed when 
exhausting into the atmosphere, with all the nozzles and the main 
admission valve open. 


Fic. 164. A Slide Valve Arrangement for a Turbine. 


Governing by “Cutting Out Nozzles.” One of the simplest 
forms of governing is represented in Fig. 164 showing a plain 
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slide valve arrangement for regulating the flow of steam through 
a series of nozzles. This is one of the best systems that can be 
employed for an impulse turbine if an elaborate valve gear is to 
be avoided. 

As the full initial pressure is always maintained in all the nozzles 
that are open, there can be very little throttling except when the 
valve is in a position so that one of the nozzles is partly covered. 
The loss, however, due to this amount of throttling is practically 
negligible for other than very light loads. Valve gears have been 
designed to improve on this slide valve method by providing a 
separate valve (usually of the poppet type) for each nozzle or, 
at most, for a small group of nozzles. These valves are opened 
and closed suddenly by the governing apparatus by the use of 
either springs or dash-pots, very much as with our modern Cor- 
liss valve gears for reciprocating engines. The difficulty with 
this last method is, however, that there will be abrupt, although 
perhaps small, variations in speed every time a valve opens or 
closes, unless special precautions are taken in the design. If 
the service is for electric lighting, speed irregularities due to such 
governing may be sufficient to produce a flicker in the lights. 

In turbines with more than one pressure stage, as, for example, 
in the Curtis and Rateau types, it has often been proposed to 
control the admission to each stage. Apparently the only objec- 
tion to such a scheme would be in the very complicated valve 
gear that would be needed; but, contrary to what one might 
expect, it can be shown by tests and demonstrated mathemati- 
cally that such an arrangement would not give as good economy 
as if only the first stage is controlled. 

The only advantage resulting from this method of controlling 
the steam supply is that by making the light load pressures more 
nearly in the same proportion to each other as for full load and 
overload, the stresses in the diaphragms separating the stages are 
more nearly the same as calculated in the original design. There 
is probably no commercial type of turbine using such a compli- 
cated method of governing except for large overloads, when econ- 
omy is not of importance and the conditions are more of emergency 
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than of continuous operation. Governors for the larger sizes of 
the Curtis turbines show the merits of this method to the best 
advantage. By governing in this way it is possible to vary the 
number of valves supplying steam to the turbine in proportion 
to the size of the load, thus maintaining a constant initial pres- 
sure and therefore constant velocity in the nozzles and blades. 
In a single stage turbine there is no difficulty in applying this 
method, and consequently the energy and velocity are always 
those suited for the best nozzle and blade efficiency. Usually 
in a turbine of several stages no attempt is made to regulate 
the number of nozzles after the first stage, on account of the 
mechanical difficulties inseparable from a complicated: valve 
gear. In order to secure a correct energy and velocity distri- 
bution throughout the turbine, the nozzles in all the different 
stages should, of course, be changed in the same ratio. This 
scheme is not impossible and has been attempted in some German 
designs. With turbines like the Rateau and Parsons, where the 
drop of pressure is very small in each stage, and where there 
are, therefore, a great many stages, any method of cutting out 
some of the steam passages to reduce the area at light loads is 
impracticable. 

Types of governors to be used depend a great deal on the 
capacity and the kind of service. The smaller sizes have usually 
simple forms, while the larger ones are necessarily more com- 
plicated. On the small turbines, where an elaborate valve gear 
is not desirable, the valves are moved by the direct action of the 
centrifugal force of the governor weights. ‘This is called direct 
governing, to distinguish it from the “‘relay” system used by 
most turbine manufacturers for large machines. By the direct 
method a comparatively large centrifugal force is necessary to 
move the valves; and unless they are carefully balanced it is 
difficult to make the governor sensitive to fluctuations in the 
load. Besides, if for any reason a valve sticks, there may be 
wide variations in speed. 

By the indirect or what is commonly called the “relay” 
method the centrifugal force of the governor is needed only to 
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“give the signal,” as we may say, which sets in motion an auxil- 
iary mechanism by which the valves are moved by gearing con- 
nected to the main shaft or by steam or hydraulic pressure. In 
Curtis turbines of all sizes up to 500 kilowatts the valves are 
operated mechanically, and for larger sizes a hydraulic apparatus 
is used. 

Electromagnetic Control of Valves. Formerly, in large Curtis 
turbines, the valves opening the nozzles were operated by the 
pressure of steam admitted through a port opened and closed by 
a “pilot” valve controlled by electromagnets. The governor 
was connected to a very simple mechanism for the purpose of 
making and breaking the current: through the electromagnets, 
which, in turn, moved the “pilot” valves operating the main 
valves on the turbine. 

Mechanical Valve Control. One of the recent developments 
in the valve gears for large turbines governed by cutting out 
nozzles is the successful replacing of the electromagnetic “relay” 
outfit formerly used on Curtis turbines by a positive mechanical 
valve gear, due to Mr. Richard H. Ricc. 

This valve mechanism is well illustrated in Figs. 165 and 166, 
where it is shown applied for regulating the steam admission to 
the first stage of an impulse turbine. Steam in the steam chest 
C is maintained constant at the pressure for which the turbine 
was designed, and the valves are operated so that they are always 
wide open or else tightly closed. When the valve rod t, Fig. 166, 
is raised steam is admitted through the port A, from which it 
passes into a nozzle plate (like Fig. 114) at B to be discharged at 
high velocity into the blades of the first stage. 

The valve gear consists essentially, besides the worm gears 
shown at the right-hand side of the figures, of a connecting rod 
moving a bell-crank 1, to which two dogs or “catches,” w, w, are 
attached by pins. The extreme ends of these dogs, marked 1 
will engage with the teeth on the steel plates u andv. An 
eccentric, h (Fig. 165), gives the connecting rod k a reciprocat- 
ing motion which, being transmitted to 1, moves the dogs w, w 
up and down. In Fig. 166 the lower dog is shown sliding on 
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the plate u, and in its lowest position it touches the tooth on 
this plate. The upper dog is kept out of contact with the tooth 
on the plate v by the lever x, which by engaging with the lower 
end of this dog, marked 2 in the figure, raises the end 1 out of 
reach of the tooth. The letters x and s are at opposite ends of 
the same lever supported on the shaft m. In the top view of 
this valve gear shown in Fig. 165 there are five valves operated 
by the connecting rod k. On the same eccentric, h, there is 
also another similar connecting rod, j, operating five valves on 
the opposite side of the turbine. The steam supply of the tur- 
bine is therefore regulated by ten valves. 

The position of the end of the lever at x is regulated by means 
of the rod q, which is connected to the Curtis governor illustrated 
in Fig. 167. Speed regulation by means of this governor is 
accomplished by the balance maintained between the centrifugal 
effort of moving weights and the static forces exerted by springs. 
The governor is keyed to the main turbine shaft at S and, of 
course, rotates with it. It is protected on two sides by a stationary 
looped casing, of which a section is shown at the top of the figure. 
In the order of action of this governor the weights A fly out on 
account of centrifugal force, moving on knife-edges near their 
largest diameter, and pull down the governor rod C by the pres- 
sure exerted on other smaller knife-edges B. ‘The governor rod 
is pulled down against the action of the heavy spring D. At E 
a ball-bearing gimbel joint, thoroughly lubricated, forms a 
junction point between the revolving shaft of the turbine and 
the stationary lever of the governor (shown in the figure 
extending toward the right, nearly horizontally).* This 
stationary lever is connected by means of a bell-crank to the 
rod q (Fig. 166) and thus determines the position of the 
lever x. 

To illustrate the action of this valve gear and the governor, 
assume the load on the turbine has been increased and the speed 


* Connected to the stationary lever of the governor is an auxiliary spring F for 
varying the speed when synchronizing. By means of a small motor G the tension of 
this spring can be adjusted from the switchboard. 


284 THE STEAM TURBINE 


has dropped a little, indicating that more steam is needed and 
that the valves have been so arranged * that the one shown in 
Fig. 166 is the next to be opened. With a reduced speed the 
governor weights A (Fig. 167) will move in slightly toward the 
center, reducing the tension ca the governor spring D, so that 
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Fic. en Sectional View of Curtis Governor. 


the rod C and the left-hand end of the stationary governor lever 
are raised. By means of an auxiliary lever and a bell-crank the 
rod q is raised and the end x of the lever attached to it is lowered 
to engage the catch 2 of the lower dog w, releasing at the same 
time the upper dog, which now comes into contact with the tooth 
in the plate v, raises the valve rod t, and admits steam through 
the port A. When again the speed becomes too high the rod q 
is lowered, x is raised, and the lower dog closes the valve. The 


* Each of the levers ¢ controlling the dogs is set at a little different angle to the 
horizontal. The lever which has its end (x) lowest will open its valve first. 
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dogs are held in position when not in contact with the lever x 
by the flat springs o. 

The eccentric h is moved by means of gears connected to the 
main turbine shaft S. A ring on this shaft has a single tooth a, 
which engages with a gear wheel b, on the shaft c, which by 
means of worm gearing is connected with another horizontal 
shaft f, and thus moves the eccentric h. ‘The hub of a turbine 
wheel is shown at H (Fig. 166), and carbon packing rings to pre- 
vent the leakage of steam from the first stage are illustrated by 
D and E. The speed reduction is designed sometimes for one 
worm gear instead of two as shown here. This is equivalent to 
putting the eccentric h directly on the shaft c. 

Hydraulic Motor Control of Valves. The hydraulic governing 
device used in the designs of Curtis turbines of the 500 to gooo 
kilowatts sizes is illustrated in the following figures. The move- 
ment of the horizontal governor lever shown in Fig. 167 is trans- 
mitted through the rod D (Fig. 168) to a second lever arm C 
operating the pilot valve P of the oil cylinder B. The piston A 
operates the main power arm of the mechanism, which trans- 
mits the motion either by a rack connecting with a pinion, or by 
means of cranks, to the “ side” rod, shown in Fig. 169, carrying 
the cams for operating the valves. These cams act directly on 
the valves, opening and closing them according to the demands 
of the load. Because this device has a very slow motion it has 
the advantage of being practically independent of lubrication for 
its successful operation.* 

Governing by Varying the Time of Admission. Governing 
by periodic admission or by “ blasts ” was invented by Parsons 
and has been applied to practically all types of steam turbines 
using his name. In its ideal form steam is admitted to the tur- 
bine by a poppet valve in puffs or blasts in periods of long or short 
duration depending on the demands of the load. The method 
is explained usually by saying that there are alternate periods 
when the turbine casing is either filled with steam or there is no 

* This pilot valve admits oil under pressure through the passages at ends of the 
“chest,” and discharges oil through the exhaust port at the middle. The fluid 


being always under pressure makes movement slow and the amount of movement 
is proportional to the position of the pilot. 
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Fic. 168. The Hydraulic Operating Mechanism for Valves of a Curtis Turbine. 
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there is full pressure in the high-pressure blades, the valve 
merely vibrating without sensibly affecting the pressure of the 
steam in the passages. It is thought that in this way the full 
benefit of high-pressure steam can be secured at allloads. This is 
the ideal condition, but practical considerations greatly modify it. 


ee liye pee a ee 
Fic. 169. One of the Two Valve Sets of a Curtis Turbine Showing the 
Hydraulic Controlling Cylinder and the Valve “Side” Rod. 


Governor for Curtis Poppet Valve Gear. The operating gov- 
ernor (Fig. 170a) is of the inertia type, mounted on the upper 
end of the vertical shaft which drives the gear pump. The 
combined rotary and vertical motion of the governor link is 
transformed into vertical motion by a ball bearing transmission. 
The cut shows the governor in its casing with the lid cut away 
to show the working parts. 

The motive power of the governor depends on the unbalanced 
force due to the inertia and centrifugal effect of the two weights 
(18) pivoted on ball bearings (17) opposed by the tension of a 
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helical spring (3) which connects the two weights (18) through 
plugs (8), bolts (13) and knife edges (12) which bear on the knife 
edge seats (11) in the weights. The center of gravity of the 
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Fic. 170a. Governor for Curtis Poppet Valve Gear. 


weights is inside the radius of the point of support and in advance 
of it with respect to rotation, thus decreasing the tendency to 
“jump ” on quick changes of load and increasing its steadiness. 
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The bolts (13) can be screwed in and out of the plug for the 
purpose of obtaining different tension adjustments on the spring 
and are checked with lock nuts. The governor body is fastened 
to its shaft by a key and set screw, the latter being accessible 
through a hole in the governor casing. 

The governor is permanently adjusted before leaving the 
factory. The connecting rod is trammed at both ends and all 
lock nuts locked with check washers. 

The speed regulation is changed as follows: In order to lower 
or raise the speed without materially affecting the variation of 
regulation, add or subtract weight. Changing the spring tension 
affects the regulation, narrowing upon increasing and broaden- 
ing upon decreasing tension. The change of speed in either case 
is about twice as rapid at the lower end of the travel as at the 
upper. The regulation can be further broadened by screwing 
the plugs into the spring and narrowed by unscrewing them, 
but this method should be resorted to only when the other two 
methods prove insufficient. 

By comparing the desired regulation with the actual, and 
applying the above methods in proper proportions, any desired 
regulation within the limit of design can be obtained. To illus- 
trate, assume the regulation to be high and narrow; in order to 
broaden, put in weight and slacken the tension on the spring 
at the same time. Should the regulation be high and broad, 
enough weight must be put in to bring the speed below_nor- 
mal and the speed raised again by increasing spring tension, etc. 
The method of adjusting length of the rods and levers leading 
from the governor to the valve mechanism is comparatively 
simple. 

Curtis Poppet Valve Mechanism. The mechanism for oper- 
ating the valve (Fig. 170b) consists of a chamber which includes 
the piston (33) and pilot valve (25); a controlling chamber or 
steam chest which includes the various valves (5) and valve 
centers (4); and finally the connections tying the governor to 
the operating and controlling chambers. In detail the operating 
cylinder carries piston (33) with its piston rings (28). The piston 
is securely fastened to piston rod (32) which in turn is tied 
through coupling (37) to connection rod (38). The pilot valve 
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(25) and its bushing (26) is carried in an extension of the operat- 
ing chamber. 

The controlling chamber or steam chest carries the valve stem 
(x8) on which are mounted either four or five valve centers. 
Fig. 170b shows four valve centers, designed successively to raise 
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the various valves (5) with upward travel of the piston (33). 
The valves are of the poppet type, annular in shape, free to 
move but guided and controlled by the valve centers. The 
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valves together with the valve seats (6) are faced with a special 
valve metal. Leakage along the valve seats is prevented by 
the asbestos gaskets (7). The locking screw (14) acting on the 
steam strainer cage (9) holds the valve seats in place. 

Steam is admitted to the steam chest through the throttle 
valve not shown and passes through the strainer screen (8). The 
opening of the various valves admits steam to the port plate, 
nozzles and turbine wheels. The operating chamber receives 
its steam through an opening in the casting connecting with 
bushing (26) and leading to the steam chamber formed by the 
pilot valve and its bushing. Ports connect this steam chamber 
with the piston chamber and steam is admitted to the upper or 
lower side of the piston, depending on the position of the pilot 
valve. The valve stem (18) and the piston rod (32) are connected 
to the governor through the pilot valve lever (29), connecting 
rod (38) and governor lever. 

With turbine and governor at rest and with no steam bled to 
the pilot valve, the position of the various levers is such that 
the pilot valve is in a position to admit steam to the under 
side ot the piston for opening the main valves. With the open- 
ing of the throttle, the turbine speeds up, the governor trans- 
mission moves upward and the levers move in a position to 
shift the admission of the steam from the under to the upper 
side of the piston, closing the main valves successively until 
the governor takes a definite position. The floating lever (29) 
then fulcrums on the pin (42) and the pilot valve takes a neutral 
position independent of the governor. Any change in the posi- 
tion of the governor due to a change in load or steam condition 
or both is immediately transmitted to the floating lever (29) 
which now fulcrums on the pin (30), and the pilot valve imme- 
diately moves to admit steam to the under side of the piston 
with a drop in speed, and to the upper side of the piston with 
an increase in speed. Sufficient steam will be admitted to the 
turbine to maintain a constant speed condition, at which time 
the governor again takes a definite position. 

It will be seen from the above description that throttling is 
practically eliminated since all but one of the valves are either in 
the wide open or closed position and the overtravel of the piston 
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due to the expansive effect of the steam causes the opening and 
closing of the individual valve a sufficient number of times per 
minute practically to eliminate its throttling. A dashpot (48) 
filled with light cylinder oil prevents violent fluctuations. 

Brown-Boveri-Parsons Governing Device. The method of 
regulating the steam supply by intermittent admissions or 
“blasts” is typical 
of nearly all the gov- 
erning devices fitted 
to Parsons turbines. 
The design used for 
the Brown-Boveri- 
Parsons turbines is 
illustrated by Fig. 
171. Steam enters 
the turbine through 
a main admission 
valve N which is 
given a vertically os- 
cillating motion. A 
small piston mount- 
ed above this valve 
and on the same 
spindle has steam at the pressure in the main steam pipe on 
its lower face acting against the pressure of a strong spring 
on its upper face. An auxiliary valve fitted on the spindle L 
is given an oscillating motion by an eccentric on the governor 
shaft at M, which causes, at every stroke, the small passage 
at the lower face of the piston to communicate with the ex- 
haust, making the main valve N fall upon its seat. The 
spindle L is linked up to a collar sliding on the governor 
shaft. The height of the governor balls determines the posi- 
tion of this collar. Thus the height of the governor augments 
or diminishes the amplitude of the oscillations of the auxiliary 
valve on L, and in consequence causes the main valve N to open 
a longer or a shorter time at each admission of steam. The 
frequency of the steam admissions is about 150 to 250 per min- 
ute according to the speed of the turbine. 
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Fic. 171. Brown-Boveri-Parsons Governing Device. 
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Westinghouse-Parsons Governor and Valve Gear. Diagram- 
matically, the governor and valve gear of a Westinghouse- 
Parsons turbine are shown in Fig. 172. A small pilot valve, 
marked A in the figure, is actuated directly by the governor by 
means of levers and links. This pilot valve controls the steam 
supply of the turbine by regulating the operation of the main 
poppet admission valve which opens and closes at uniform 
intervals when the turbine is in operation. Speed variations 
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Fic. 172. Diagrammatic Arrangement of the Governing Mechanism of a 
Westinghouse-Parsons Turbine. 


change the height of the governor balls which, in turn, change 
the position of the collar F of the lever on the governor spindle. 
By means of a system of links this lever varies the throw of the 
pilot valve relatively to the valve port. This pilot valve controls 
the main admission valve by means of the auxiliary piston valve B 
in the same way as in the Brown-Boveri design which has 
already been explained. Reciprocating motion for operating 
the valve mechanism originates in an eccentric driven by the 
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turbine from a worm on the main shaft. This eccentric gives an 
oscillating motion to the levers supported at D, F, and E. 

The governor is of the fly-ball type, the ball levers being 
mounted on knife-edges instead of pins, to secure sensitiveness. 
The speed of the turbine may be varied, while running, within 
the limits of the governor spring by grasping a knurled hand 
wheel at the top of the governor and bringing the spring and 
tension nuts to rest. Adjustment of the tension of the spring 
can then be made. This device is particularly useful for syn- 
chronizing the speed of small turbine-alternators operating in 
parallel, or for distributing the load between them. For syn- 
chronizing large Westinghouse turbine-alternator units a small 
motor controlled from the switchboard is used to adjust the 
governor spring. 

Allis-Chalmers Governor Mechanism. The governing device 
of the Allis-Chalmers steam turbine is of the Parsons type, using 
hydraulic instead of steam pressure. The governor is required 
to operate a small balanced oil relay valve only, while the two 
steam valves, main and by-pass, are controlled by oil pressures 
of about 20 pounds per square inch, acting upon a piston of 
suitable size. The by-pass valve opens when the turbine is 
required to develop overload or the vacuum fails. 

The oil supply to the bearings and to the governor can be 
interconnected so that the governor will shut off the steam if the 
oil supply fails. 

“Blast ’? Governing Compared with Throttling. When the 
main steam admission valve of a Parsons turbine closes there is 
still some steam in the turbine casing, and this steam expands, 
of course, to fill the space. The same effect occurs also when 
the valves are first opened, and the steam rushes into a region 
of very low pressure. In these two ways low pressures are pro- 
duced just as with throttling valves, although, for the same 
average pressure, the loss is not nearly so great. The pressure 
variation for a 1500-kilowatt Parsons turbine at one-quarter, 
three-quarter, and full load is shown in Fig. 173. At a 
little overload there is practically no variation because the 
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steam valve is then closed for shorter periods. Probably the 
greatest disadvantage from this method of governing results 
from “initial condensation at light loads.” There is usually one 
blast or puff of steam in every thirty revolutions. Steam admis- 
sions are, therefore, far enough apart to allow the interior of 
the turbine to be cooled by the falling temperature between the 
blasts. Now when there is a fresh admission the steam comes 
into contact with the relatively cooler walls of the interior of the 
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Fic. 173. Indicator Cards Showing Initial Pressures in a Parsons Steam Turbine, 


Absolute Zero 


turbine, and condensation must take place just as in a recipro- 
cating engine. 

If it were possible, practically, the number of “periods”’ would 
be made so small that free expansion would be reduced to a 
minimum; but for a satisfactory speed regulation long periods 
are not permissible.. It appears, therefore, that unless the 
periodicity can be made low, the economy at light loads is no 
great improvement on the method of plain throttling. A very 
important feature of this method, however, should not be over- 
looked. This is the advantage of having a valve mechanism 
which is constantly moving, precluding the possibility of “sticky” 
valves. 
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The time required for the steam entrapped in the casing when 
the valves are closed to drop in pressure by a given amount can 
be calculated very simply as follows. 

Let 


W, = weight of steam (pounds) entrapped when the valves 
are closed, 

weight of steam (pounds) in the turbine casing after 
expanding a time /, 

weight of steam (pounds) flowing per second when 
the valves are wide open, that is, when the pressures 
in the casing are those for which the blading was 
designed, 

initial absolute pressure of the steam delivered to the 
turbine, 

P, = final absolute pressure after a time ¢, 


W 


W’ 


I 


I 


P, 


and to avoid complex mathematical terms assume that in the 
expansion in the casing, in general terms, 


Pv =K, 


where v is the volume of a pound of steam and K is a constant. 
Then since v and W are reciprocals, 


W =P X constant; 
then also 


W' =P,XC, 


where C is another constant. 
In a time dt we have thus 


dW = CPdt, 
also 
W=W,4, 
v 
ie eee 
Wu, 
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therefore 


W,v, dP 
CPa= 


W,v,dP _ 
ROnp ae 
W,v ie 
= loge i) yey ier 
Pv, = K and 
WwW’ 
Cone 
fay 
W 


If we take for convenience W’ = 2} pounds of steam per second, 
W, = ? pound, and P, = 165 pounds per square inch absolute 
pressure, the time required for the average pressure in the casing 


to fall to 100 pounds is eee log. Sas -159 seconds. The 
aoe 225 100 

time required for steam at 165 pounds absolute to fall to various 

other pressures is shown in Fig. 174. 
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Fic. 174. Time Required for Pressure Variations in the Casing of a 
Parsons Turbine. 


With 165 pounds per square inch absolute initial pressure, 
usually the no load pressure varies from 25 to 50 pounds absolute, 
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when, according to the curve, the time required to reach this 
pressure without throttling is about .4 to .8 second; and as the 
load is increased correspondingly shorter times. 

Governing System of Westinghouse Turbines. The valve 
control system now used on many Westinghouse turbines of 
over 1000 kilowatts capacity is shown in Fig. 174a. The gov- 
ernor G shown at the right-hand side of the figure is driven 
from the main turbine shaft through a worm (in direction 
shown by arrow) and simple gears. It controls and operates 
the primary or main steam admission valve M and also the 
secondary steam valve N, shown at the left-hand side of the 
figure, through intermediary levers, links, and a relay valve A 
operated by oil under pressure. The oil for operating the relay 
system is taken from the discharge of the turbine oil pump 
located below the governor, and driven by the vertical shaft S 
shown geared to the bottom of the governor shaft. 

To better understand the drawings it should be noted that the 
oil cylinder B with its piston rod R are shown in one view in 
the central part of the figure, and in another view, in a more 
reduced scale, at the left-hand side of the figure as they are 
connected for the operation of the primary or main M and 
secondary N steam admission valves of the turbine. 

High-pressure oil is carried from the oil pump direct to the 
oil relay, A, shown in Fig. 174a. According to the position of 
the oil relay plunger, this oil is admitted either below or above 
the operating piston C in the cylinder B, and raises or lowers this 
piston, which by its movement, closes or opens the steam valves 
M and N, and so admits a smaller or larger amount of steam 
to the turbine. It may be noted that the secondary or over- 
load valve N does not come into play until the primary steam 
valve M has practically reached its full opening. This is accom- 
plished by adjusting the height of the lever arm L attached to 
the piston rod R in relation to the position of the adjustable 
screw O on top of the secondary valve rod, so that they come 
into contact for lifting the secondary valve only after the pri- 
mary valve has reached about its maximum opening. 
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If the tendency is for the load to increase, the speed will tend 
to fall off. This causes the governor balls to close slightly and 
by connecting levers the floating lever F is raised. The piston 
rod R remains stationary (for the moment), the relay plunger A 
is raised, admitting oil above the operating piston C, and at 
the same time connecting the cylinder B below the piston with 
the discharge outlet. Then the operating piston C moves down- 
ward until the relay plunger A shuts off the oil supply, at the same 
instant closing the oil discharge outlet. If, now, the operating 
piston C moves downward too far, moving also the steam valves 
M too far and admitting too 
much steam to the turbine, 
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ing cylinder. Detailed oper- 
ation can be explained better 
by the enlarged view of the 
relay plunger shown in Fig. © 
174b. When the relay plung- 
er A is lowered below the 


position shown, oil flows from 
the inside supply port marked 25, through the passage ways 
26, 40, 38, 36, and 37 into the cylinder B and lifts the piston 
C, and the piston rod R. As the latter rises, the valve rod on the 
primary or main valve falls and with it the primary admission 
valve, thus reducing the amount of steam admitted to the tur- 
bine. When this valve has moved down as necessary to regu- 
late the steam supply according to the load and the desired speed, 
the piston rod R will be moved up about the temporarily fixed 
pivot at the left-hand end of the floating lever and will have 
carried with it the relay plunger A, thus closing the oil port and 
holding the piston C at rest until the next change of speed of 
the turbine. For any one speed the relay plunger A covers 
the ports of admission to the two sides of the piston C and 
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allows the oil from 25 to enter both above and below the 
operating piston C at intervals in rapid succession. This oscil- 
lating motion insures free and sensitive action. _ 

An auxiliary safety “ pilot” device is shown in Fig. 174b. 
It is moved by a piston P which is in turn operated by a safety 
stop governor (similar to the “speed limit,” (see page 210), 


Fic. 174c. Jahns Governor. 


which when tripped, allows steam to enter and drive down 
this piston and the plunger valve V until the ports 35 and 36 
are open to oil pressure from 25 through 39 to the under 
side of the oil operating piston C. As this piston rises, the 
primary or main admission valve M closes irrespective of 
the position of the governor-controlled relay plunger A. When 
the plunger valve V has dropped as stated, the ports 32 and 31 
are open to discharge oil through 28 and 23 to the release pipe 22. 

Normal speed regulation of the turbines using this system is 
about 2 per cent. from full load to no load. 

Jahns Turbine Governor. The speed regulating governor 
used on some De Laval turbines and some other makes is of the 
Jahns type (Fig. 174c). It is unique in that it is mounted in 
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such a way that the weights move on roller bearings on a hori- 
zontal spindle. The weight W acts only indirectly upon the 
governor springs A, A and in such a manner that the spring pres- 
sure is not transmitted directly to the governor mechanism. 
The movement of the sleeves B, B in the horizontal plane is 
guided in both horizontal and vertical directions by small roller 
bearings. The heavy stresses due to the centrifugal force of the 
governor weights during acceleration and retardation are not, 
therefore, brought upon pin joints or other mechanical devices of 
light construction. The movement of the sliding sleeves on the 
spindle S is effected by 
the bell cranks C,C 
which engage both 
the weights and the 
sleeves through con- 
necting arms support- 
ed likewise on roller 
bearings. 

Wilkinson Govern- 
ing Device. An in- 
teresting type of valve 
gear has been applied 
to Wilkinson turbines. 
The general arrange- 
ment is illustrated in Fig. 175 showing governor, eccentrics, 
and a series of valve casings. One of these casings contains 
what is called a governor nozzle which is connected mechan- 
ically with the eccentrics. This is a form of auxiliary valve 
of which the function is not primarily to discharge steam into 
the turbine blades but to admit steam into or eject it from the 
other valve casings for the purpose of opening or closing them. 
This governor nozzle is illustrated in Fig. 176. The important 
feature of the governor nozzle is a cone-shaped piston at the 
lower end of the valve rod passing through the stuffing-box and 
connected to the eccentrics as shown in Fig. 175. A cone-shaped 
jet flows continuously over this cone. The central chamber of 
the governor nozzle as well as the spaces around it except a narrow 
annular passage communicating with a similar passage shown 
by a circular section in Fig. 176 at the left-hand side of the 
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Fic. 175. Wilkinson Valve Gear. 
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central chamber contains, in normal operation, steam at the 
“‘admission”’ or initial pressure. 

The valves in the other casings are operated by the force 
produced in this annular chamber by the injector or ejector action 
of the cone-shaped jet. Steam to be admitted to the annular 
passage must pass around the cone-shaped piston, and the 
position of this piston with respect to the annular passage deter- 
mines the effective pressure of the steam operating the admission 
valves. When the cone-shaped piston is in its lowest position 
the steam in passing around it to enter the turbine nozzles opposite, 
produces an ejector effect in the annular passage; but when the 
cone-shaped piston is at the other end of its stroke the steam 
produces an injector effect in the annular passage. When the 
injector effect predominates the pressure in the annular passage 
is greater than that in the steam chest, while with the ejector 
effect predominating this pressure is considerably less. 


Fic. 176. Governor Nozzle. Fic, 177. Admission Valve. 


One of the admission valves is shown in Fig. 177. <A small 
passage of circular section shown here in the wall of the steam 
chest communicates with the governing valve or governor nozzle. 
This passage communicates with one side of the piston valve 
illustrated here. A spring is provided to keep the valve 
closed when the pressure in the passages communicating with 
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the governor piston is the same as in the steam chest. When 
the pressure in the passages is, however, less, corresponding to the 
ejector effect, by an amount greater than the tension in the 
spring (about 25 pounds) the valve is opened. With the injector 
effect, on the other hand, the valve will be closed. 

In its action this valve gear is not unlike the usual Parsons 
governing device which has already been explained. It is likely 
that both are affected by quasi throttling at very light loads. To 
some extent the magnitude of this effect would probably be in 
proportion to the length of the casing. . 

Pneumatic Steam Turbine Governors. The Ridgway Dynamo 
and Engine Company uses a pneumatic governor on the turbine 
which it manufactures. This governor consists of a fan on the 
end of the turbine shaft which creates considerable air pressure 
when the turbine is running at rated speed. This compressed 
air is delivered to two small aluminum pistons which control the 
oil relay on the main governing valve. The pistons move against 
the pressure of a spiral spring. The air pressure varies as the 
square of the speed of the turbine, and therefore the governor 
acts quickly. This type of governor is subject to a variation of 
about 1 per cent. for an inch change in the barometer reading, 
and also about 1 per cent. for every 10 degrees change in engine 
room temperature. These variations in this governing device 
are adjusted automatically by a synchronizing motor. 

By-pass Governors. In all turbines the area of the steam 
passages increases in going from the high-pressure end to the 
exhaust. Consequently it is possible to pass a larger quantity 
of steam through a turbine for an overload, by admitting high- 
pressure steam into the middle stages in addition to the steam 
coming through the high-pressure nozzles. This is accomplished 
usually by the use of an auxiliary valve which opens slowly when 
an overload comes on the turbine and admits high-pressure steam 
directly into the low-pressure stages. As the steam entering 
through the by-pass valve acts on fewer rows of blades than the 
steam admitted under normal conditions, obviously, of course, the 
method is uneconomical and should, therefore, be used only for 


GOVERNING STEAM TURBINES 305 


emergency loads. When a by-pass valve is used, the turbine is 
designed to be large enough to carry a little more than the normal 
full load, at which, of course, it is most economical; and for 
overloads it is expected that the efficiency will be considerably 
reduced. 

All the makers of Parsons and Rateau turbines use by-pass 
valves. The Westinghouse turbine has by-pass overload valves 
under the control of the governor, so that they open automatically 
when an overload comes on, but on most turbines by-pass valves 
are opened by hand. 

Overload economy is not usually of great importance, so that, 
practically, it is considered more feasible to use overload valves 
than to install additional turbines. In turbines of the Curtis 
type, which can be made to take a large overload with the addition 
of only a few extra nozzles without increasing the other dimensions, 
by-pass valves for overload have no advantages. In Parsons 
turbines, as anticipated in the design, there is usually a falling 
off in speed when the overload valves open. 
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Fic. 178. By-pass Valve Designed by Brown-Boveri & Co. 


A by-pass governor is shown in Fig. 178, which is a diagram- 
matic sketch showing the method of admitting high-pressure 
steam to the low-pressure stages of a Parsons turbine. This 
particular device is due to Brown-Boveri & Co. This design 
shows the by-pass method applied to an exceptionally well-made 
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turbine much used in Europe. The by-pass ports open only at 
overload, and the speed is regulated for small fluctuations by 
the throttling method. In the figure the centrifugal governor is 
marked 9, and operates by means of levers a balanced throttle 
valve. The by-pass valve 7, on the other hand, is operated by 
the pressure on the piston 10. Since this piston and the 
by-pass valve are on the same valve stem, they are raised or 
lowered together according as the pressure in the steam chest is 
high or low. With a high pressure the piston rises, lifting with 
it the valve 7, thus uncovering the ports, shown on one side of 
the turbine at 6, which admit steam through the pipes 3, 4, and 5 
to different parts of the turbine casing. Obviously there is a 
considerable change in the power developed immediately after 
the steam is admitted to one of the pipes 3, 4, or 5; and the 
consequent fluctuation in speed is taken care of by the throttling 
governor 9, or by an electrical solenoid governor indicated at 12. 


my 


Fic. 179. By-pass Valve Arrangement for a Parsons Turbine. 


a 


A simpler type of by-pass valve and governor arrangement is 
illustrated in Fig. 179. The by-pass valve is here directly under 
the control of the governor. The governor is marked g in the 
figure and operates a by-pass piston valve 7. The steam enters 
the turbine through the steam chest over the by-pass valve. 
When there is no overload on the turbine, the steam passes 
through the side port, which is shown open in the figure, to the 
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steam space 2 below, and from here it passes through the turbine. 
When, however, there is an overload, the by-pass valve 7 is raised 
by the governor and high-pressure steam is admitted through 
the pipe 3 to some lower pressure stages. With still more over- 
load the ports for the pipes 4 and 5 are also opened and high- 
pressure steam is admitted to stages intended for still lower 
pressures. 

When in order to make repairs to the condenser equipment, 
or for other reasons, it is necessary to run a Parsons turbine 
non-condensing the by-pass valve is opened and high-pressure 
steam is admitted to the intermediate stage of the turbine. By 
this method, because of the larger area of the passages, more 
steam can be used and the turbine is able to carry full load 
without a vacuum, although, of course, at a sacrifice of economy. 

If turbines are designed to take a large overload without a 
by-pass, the turbine must be of correspondingly greater capacity 
than the full rating indicates.. The best economy of steam will 
then be at the highest output, and not quite so good at three- 
quarter load and full load. This is the usual practice in designing 
impulse turbines; but in the large sizes of Curtis turbines special 
overload valves are provided. 

Curtis Overload Valves. In Curtis turbines of four or five 
stages, especially in the larger sizes, automatic valves are pro- 
vided to open additional nozzles in the diaphragm between the 
first and second stages at times of overload. The usual designs 
of such valves are similar to the one shown in Fig. 180, which is 
arranged to operate when the pressure in the first stage — due 
to a large flow of steam —is larger than the normal. This 
design consists essentially of a piston valve fitted with a spring of 
sufficient strength to balance the unequal pressures on its faces 
for normal operation of the turbine. In the position shown in 
the figure the valve is closed; that is, no steam passes through 
it from the first stage to the nozzles discharging into the second 
stage. The pressure on its upper face is that in the first stage, 
while the pressure on the lower face is approximately that in 
the third stage 
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Fic. 180, Curtis Overload “Stage” Valve. 
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As the flow of steam increases due to increasing the load with 
a constant nozzle area the pressure will become greater in each 
of the stages; but obviously the pressure will be increased much 
more in the first stage than in the other stages, and at an overload 
the difference in pressure between the first and third stages 
becomes great enough to overcome the resistance of the spring 
on the overload or stage valve, so that it is forced from its seat. 
Steam then passes through a port communicating with an extra 
set of nozzles discharging into the second stage. 

These valves should be adjusted by varying the tension of the 
spring, so that they tend to open and close within a compara- 
tively small range of first-stage pressure. 

If the adjustment of such a valve has not been properly made 
and the valve remains open with a load fluctuating in a wide 
range between overload and considerably less than normal, the 
economy may be seriously impaired, or if one of these valves 
remains in a partly closed position so as to throttle the steam, the 
economy will be affected at all loads. Such valves to be efficient 
should open and close abruptly. 

Experimental Data Concerning Governing. Something should 
be said about the experimental results at hand concerning the 
different methods of governing. Curves illustrating the effects 
of throttling have been shown in Fig. 161, but a more satisfac- 
tory comparison can be made from the following table. 
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Fractions of load given at the top of each column refer to 
fractions of the most efficient load. Steam consumption at the 
different loads is expressed as a percentage compared with the 
steam consumption at the most economical load for each partic- 
ular machine. In other words, if the economy of any of these 
turbines were as good at half load as at full load we should have 
in the table under the column for one-half load 50 per cent, etc. 

Results in this table must be used guardedly and not confused 
with steam consumption. For example, the De Laval 200-kilo- 
watt turbine appears to such good advantage here because the 
system of governing used for these tests was nearly ideal. Full 
load steam consumption, on the other hand, was high com- 
pared with any other make of turbine in the list. The Zoelly, 
Rateau, and the 20-kilowatt De Laval turbines used simple 
throttling governors. 

In the effects of governing, steam turbines and reciprocating 
engines are different. The usual type of reciprocating engine 
has its speed lowered as the load is increased. Within limits, it 
happens also that the fall in speed is accompanied by a smaller 
requirement for steam. On the other hand, steam turbine 
governing operates in the reverse order, in that a fall of speed 
due to heavy load results in slightly increased “ relative ” speed 
of the steam in the blades, and consequently more steam will flow 
through the turbine. 

The Curtis and the 200-kilowatt De Laval were governed by 
varying the number of nozzles to suit the load. The original 
Parsons turbines used the “ blast” governor. These data lead 
to the conclusion that the experimental De Laval (200-kilowatt), 
the large Westinghouse and the Curtis designs give the best 
results as regards the method of governing. 

In most cases low-pressure turbines operate with no other gov- 
erning device than the over-speed (emergency) governors when 
the high-pressure and low-pressure units are connected electric- 
ally; and the high-pressure unit may be either a steam engine 
or a steam turbine. The governor on the high-pressure unit 
regulates the load on the combination of units. 


CHAPTER IX. 


LOW-PRESSURE STEAM TURBINES. 


Earty in the period of steam turbine development it became 
apparent that these new types of prime movers were capable of 
operating with ratios of expansion far beyond those economically 
possible with reciprocating engines. 

In the discussion of the effect of vacuum on steam consump- 
tion the good results obtained with turbines running at a high 
vacuum were clearly shown. With a high vacuum the heat 
efficiency of a reciprocating engine is not nearly so good as that 
of a turbine, because it is not desirable to make the engine cyl- 
inders large enough to handle economically the great volume of 
steam we have to deal with when the exhaust pressure is very 
low. For pressures slightly above atmospheric, however, a first- 
class, slow-speed reciprocating engine has a slight advantage 
over the turbine. We can see, then, that a combination of a 
non-condensing reciprocating engine with a condensing turbine, 
the latter taking exhaust from the former, might well be sug- 
gested. 

Fig. 181 shows graphically the volumes of the steam in each 
of the five stages of a Curtis turbine and illustrates how rapidly 
the volume increases at very low pressures. Reciprocating 
engines may be designed to operate with improved economy up 
to 25 or 26 inches vacuum; but this is about the limit. Steam 
turbines, on the other hand, will operate economically * with 
steam at the highest vacuum practically obtainable. 

The initial pressure of low-pressure steam turbines is usually 
that of the exhaust steam from non-condensing engines. With 

* It is not always commercially profitable to design a plant for operation at an 
extremely high vacuum, as the first cost of condensers and auxiliaries is usually a 
deciding factor. 
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steam admitted to the engine at 200 pounds and exhausted from 
the turbine at 28 inches vacuum, theoretically there is no differ- 
ence in the total economy of a unit consisting of a reciprocating 
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Relative Volume of the Steam in Each of the Five Stages of a Curtis Turbine 
Operating with Dry Saturated Steam at 165 Pounds per Square Inch Initial Pressure 
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engine operating with an exhaust turbine taking steam within 
the limits from 7 pounds to 15 pounds per square inch absolute. 
The curve in Fig. 181a shows the energy (B.T.U.) made available 
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by expansion from 26 inches vacuum to higher. The rapid in- 
crease above 27 inches is an important consideration and makes 
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it very essential to get a very high vacuum in the exhaust on 
account of the enormous energy obtainable. 

Flattening out of the curve of the specific volumes of steam, 
Fig. 181b, is also interesting in this connection. The increase in 
volume as the expansion is carried beyond 28 inches of vacuum 
is not generally realized. 

The following table prepared by the General Electric Company 
shows the large amount of work that is made available by the 
use of turbines in connection with existing non-condensing and 
condensing plants, the steam being delivered to the steam en- 
gine at 165 pounds per square inch absolute pressure. 

Owing to the rapid development of the turbine industry for 
high speed work and the close attention on the part of designers 
to this branch of turbine applications, the ‘“‘ combination ” sys- 
tem of reciprocating engines and turbines was neglected. Only 
recently the advantages of this system have come to be generally 
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recognized, and particularly in connection with marine propul- 
sion. Parsons has never advised the installation of an “all 
turbine ” arrangement for ships designed for a speed of less than 
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15 knots, and for moderate or slow speeds his designers have 
recommended the ‘‘ combination” system. According to one 
of his designs for a cargo vessel intended for a speed of 113 
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knots, if provided with a reciprocating engine discharging steam 
into the turbine at 7 pounds per square inch absolute pressure, 
the steam consumption was estimated to be 15 to 20 per cent. less 
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than that of an “‘all turbine” arrangement, or of triple expansion 
engines of the type usually fitted to this class of vessel. The 
“combination ”’ system gives a vessel also greater maneuvering 
power than if driven only by turbines. 

On land low-pressure turbines have been installed principally 
in connection with rolling mill engines in steel works and wind- 
ing engines in mines. In both cases the engines are stopped 
or are running practically idle a large part of the time. These 
engines are usually reversing and are operated non-condensing. 
When a low-pressure steam turbine is installed to take the 
exhaust from such engines an equal amount of power can be 
obtained from the turbine (at 28 inches vacuum) as from the 
engine, thereby doubling the power of the plant without increas- 
ing the consumption of coal or the size of the boiler plant. 

Throughout the country there are a great many reciprocating 
engines exhausting into the atmosphere, and the exhaust from 
these engines is often wasted. There is no doubt that when these 
plants need increased capacity an installation of exhaust turbines 
will be profitable, even in most cases where there is no supply 
of water for condensing, and cooling towers must be erected. 

There are also many power plants equipped with high grade 
compound reciprocating engines operating condensing which have 
a highet efficiency (not steam consumption) when operating non- 
condensing, or at a comparatively small vacuum, than when 
operating condensing. In such cases the installation of low- 
pressure turbines is probably always profitable. As an instance 
of the uses of exhaust steam turbines the following paragraph 
is quoted from a report prepared by a company manufactur- 
ing large sizes of both reciprocating steam engines and steam 
turbines. 

“A compound reciprocating engine with cylinder ratios of 
3.5 : 1, say of diameters 28 inches and 52 inches, with 150 pounds 
initial pressure, may be assumed to have 1000 kilowatts econom- 
ical capacity when running condensing and having a steam con- 
sumption of about 22 pounds per kilowatt-hour. This engine 
if operated non-condensing should have valve gears adjusted to 
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develop 1700 I.H.P., when it would consume about 20 pounds of 
steam per I.H.P. per hour. This gives 30,600 pounds steam 
available for the turbine, allowing ro per cent. of moisture in the 
exhaust of the reciprocating engine. The total amount of steam 
passing the reciprocating engine, however, being 34,000 pounds, 
30,600 pounds would develop not less than 1073 brake horsepower 
in the turbine. Allowing 94 per cent. for the mechanical eff- 
ciency of the reciprocating engine, the combined horsepower 
developed would be 2673 brake horsepower and the steam con- 
sumption of the two units 12.7 pounds per brake horsepower, or 
18 pounds per kilowatt-hour, which is a remarkable performance 
for engines of such capacities operating without superheat. 
Compared with the performance of the reciprocating engine 
running condensing, this gives 75 per cent. increase of power 
and 18 per cent. saving of steam.” 

Fig. 181c shows a very important installation of 5000-kilo- 
watt steam turbine-generators in combination with reciprocating 
engines of the same power rating. A low-pressure steam tur- 
bine has been installed to take the exhaust from each engine. 

Condensing engines when changed to non-condensing operation 
do not necessarily have their capacity in horsepower reduced 
because of the great increase of back pressure against which 
they must then operate. Such reduction would appear, however, 
on first thought to be the natural result; but, contrarily, the 
capacity of such an engine when changed to non-condensing 
operation may be unaltered or even in exceptional cases may be 
actually increased; particularly is this the case if the engine is 
one designed for a high expansion ratio. Under these conditions 
the high-pressure cylinder must have enough volume to pass 
the required amount of steam, without having the cut-off come 
so late as to sacrifice all opportunity to use the steam with a 
reasonably good expansion. There is an interesting reason for 
the capacity of many compound engines not being reduced when 
this change is made. In this adjustment the cut-off of the high- 
pressure cylinder has been shifted to make it late enough so that 
expansion in the low-pressure cylinder will not cause a loop in 
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Steam Turbines taking the Exhaust from Large Reciprocating Engines. 


Fic. 181c. 
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the indicator diagram or to a final pressure in the low-pressure 
cylinder when its exhaust valve opens, which is lower than the 
average pressure in the exhaust line supplying the turbine, 
which is also the engine exhaust pipe. As the result of this 
adjustment of cut-off in the high-pressure cylinder the top part 
of the indicator cards taken from it will be observed to be much 
enlarged and of greater area than before, the increase being in 
some cases greater even than the area which is lost at the bottom 
of the low-pressure diagram by raising its exhaust pressure to 
about atmospheric. But there are also many compound engines 
operating condensing in which the release in the low-pressure 
cylinder occurs when the pressure is relatively high, possibly as 
high as atmospheric. Now the application of a low-pressure 
turbine to take the exhaust from this engine would have the 
effect of very materially reducing the capacity of the engine, as 
the benefits to be obtained to avoid the loop in the low-pressure 
diagram have been sacrificed in the original design of the engine 
and there is no chance to increase the area of the top of the 
diagram. 

Engines designed to operate both condensing and non-con- 
densing have generally the valves adjusted so that normally 
there will be a rather high back pressure at the point of release 
in the low-pressure cylinder, so that this ‘‘looping”’ of its indi- 
cator diagram will be avoided when running non-condensing or 
on light loads. When carrying full loads or an overload, on 
the other hand, the expansion will not be complete and a serious 
loss results in such engines designed for operation with loads 
varying considerably. In this case when the low-pressure tur- 
bine is applied there will be no occasion for the high back pressure 
at release, and the valve setting can be changed when running at 
full load to exhaust the steam from the low-pressure cylinder so 
that the exhaust pressure will be atmospheric or possibly a half 
pound or a pound above to assist in getting the steam readily 
through the exhaust ports of the engine. For this condition the 
blades of the low-pressure turbine taking this exhaust should be 
designed for initial pressure approximately atmospheric when 
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getting the amount of steam used by the engine at full load. 
Now when the cut-off is shifted back by the governor to keep the 
inlet valve of the engine open only half as long as at full load, 
only half as much steam will be delivered to the turbine and the 
absolute inlet pressure to it will also be reduced to half its 
former value. The final result is that the expansion of the steam 
in the low-pressure cylinder of the engine will be about to the 
inlet pressure of the turbine and there will be no appreciable 
“looping ”’ of its indicator diagram, indicating that the condi- 
tions as regards effective expansion of the steam are excellent. 

In large power plant installations, it is the best practice to 
adhere to the “‘ unit system ”’ throughout; that is, in providing 
a separate low-pressure turbine for each engine and also a sep- 
arate condenser for each turbine. This method, although con- 
siderably more expensive than that of passing the exhaust steam 
from several engines to a single receiver supplying a relatively 
larger low-pressure turbine is, however, much to be desired as 
it gives so much greater flexibility in the operation of the plant 
and reduces very much the liability to an enforced shut-down 
of the plant due to condenser troubles. Maximum load on a 
low-pressure turbine connected to the engine as here described, 
that is, without having a governor on its steam supply pipe, is 
usually reached in conventional designs when the pressure at 
the inlet to the turbine is about twenty pounds per square inch 
absolute. A relief valve must always be provided in this low- 
pressure supply line which should open to let steam out to 
atmospheric exhaust when this pressure is exceeded. Steam 
discharged through the relief valve is an excess above what 
can be used in the turbine and is obviously wasted. 

All possible precautions should be taken to prevent the leak- 
age of air into all that part of the system operating at less than 
atmospheric pressure. This air is very detrimental to the proper 
action of a good condenser as it reduces the attainable vacuum 
and consequently renders impossible the full gains to be ex- 
pected from the installation of low-pressure turbines. Such 
leaks occur most generally in the joints of the exhaust piping of 
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both engine and turbine, also in imperfectly tight relief valves, 
as well as through the stuffing-boxes on the piston rods of the 
low-pressure cylinder of compound engines. ‘To eliminate these 
difficulties the piping should be examined and tested frequently 
by applying a lighted taper to all questionable joints to observe 
whether the vacuum inside the piping tends to draw the flame 
toward it, as would occur if there were a leak. Another pre- 
caution often necessary is to put a special type of stuffing box on 
the piston rods of the engines, these boxes being supplied with 
steam at a pressure slightly above atmospheric so that air leakage 
inward is prevented. 

When several engines are connected up to supply exhaust to 
a single low-pressure turbine, it is always most desirable to turn 
over each engine for several revolutions with the piping connec- 
tions arranged so that the engine just starting will exhaust into 
the atmosphere. This should be done in order to avoid dis- 
charging the air in the engine cylinders into the low-pressure 
turbine and into the condenser. If this precaution is not taken 
when several engines are operating and another is started the 
effect in vacuum reduction will be observed. 

In matters of design, the low-pressure steam turbine presents 
no new problems. In fact its construction is in many respects 
simpler because of requiring fewer complicated details than the 
usual types of high-pressure or ‘“‘ complete expansion ”’ turbines 
that have been studied. The relatively short length of the 
shaft or drum required for low-pressure turbines makes for 
rigidity and freedom from vibration stresses. The skill of the 
engineer comes into play in this new field almost entirely in the 
methods of application to conditions that a few years ago were 
not thought of. The primary consideration in practically all 
these applications is to utilize as much as possible of the avail- 
able exhaust steam about the plant, either in the low-pressure 
turbine or in some still more efficient method. While it is the 
object to show here the great advantages of this type of prime 
mover, yet it should be pointed out that there are often condi- 
tions arising in power plant practice when exhaust steam can 
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be used much more efficiently than in any known type of prime 
mover. The maximum thermal efficiency of a low-pressure tur- 
bine cannot well be made to greatly exceed 10 per cent., and even 
with this low efficiency when exhaust steam is a by-product, with 
no other available use, the addition of such a turbine to the plant 
will in such cases produce a great saving in coal bills. In other 
cases, however, where exhaust steam can be used advanta- 
geously for heating water, as for example in feed-water heaters, 
hot-water vats in manufacturing processes, or for heating build- 
ings, it would certainly be false economy to use the exhaust 
steam in a turbine and install low-pressure boilers for heating 
water. In the cases cited the thermal efficiency of the process 
of heating water with low-pressure steam is usually about 80 
per cent., which is to be compared with the 10 per cent. efficiency 
of the turbine. In this analysis it must not be overlooked, how- 
ever, that a steam power plant operating non-condensing can 
use only a very small percentage of the total amount of its 
exhaust steam for heating the feed water. In fact in the aver- 
age steam engine plant operating non-condensing only about 
one-sixth of the exhaust steam can be used for heating the feed 
water, the other five-sixths being discharged into the atmos- 
phere through the exhaust head. 

Of first importance among the general considerations affecting 
low-pressure turbine applications is the providing of adequate 
facilities for the removal of water and oil from the steam before 
it enters the turbine. Very wet steam can have no considerable 
deleterious effect on the turbine compared with the disastrous 
results often experienced in steam engine practice. It has the 
effect, however, of increasing enormously the fluid friction in the 
turbine blades and therefore of reducing the output and raising 
the steam consumption. Oil, when clean and pure, is not nec- 
essarily objectionable in the turbine and will pass through with- 
out accumulating, but in cases where boilers sometimes foam 
and discharge sulphates and carbonates with the steam, these 
will mix with the oil and form a gummy deposit on the blades. 
This deposit is not ordinarily removed by erosion, particularly 
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when steam velocities are not over 400 feet per second, and will 
often choke the steam passages between the blades. 

Until recently in America exhaust steam turbines were usually 
arranged to take steam directly from the exhaust pipe of the 
engines without intervening valves or governing mechanisms. 
A generator direct connected to the turbine will operate very 
satisfactorily with generators adapted for connection in parallel 
to engine-driven generators, and the turbine set thus “floats 
on the system.” As it receives only steam exhausted from the 
engine its output will therefore vary as the load on the engine. 
When the load becomes light the steam supply will be reduced 
by the governor on the reciprocating engine. In the case of direct 
current units the generators may have shunt windings, and as the 
voltage will vary nearly as the speed, the load will be automati- 
cally proportioned between the reciprocating and turbine units. 
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Fic. 181d. Simplest Combination of Low-pressure Steam Turbine and Recip- 
rocating Steam Engine. 


The most common and probably also the simplest application 
of the low-pressure turbine is shown in Fig. 181d. As shown the 
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generators connected to both the reciprocating engine and the 
turbine are connected to the same three-phase alternating-current 
circuit and here also no governor is used on the turbine. By 
this arrangement the turbine will take automatically its share 
of the total electrical load in proportion to the amount of steam 
supplied to it. If it tends to forge ahead of the reciprocating 
unit it will take more of the load, leaving less for the engine 
whose speed will immediately increase until its governor re- 
duces the flow of steam to both the reciprocating engine and to 
the turbine, thus controlling with one governor the amount of 
steam supplied to the complete system. In case the generators 
driven by the engine and turbine are of the direct current type, 
as the turbine forges ahead, and takes more load, the increase 
in its speed raises the voltage slightly, which puts more current 
through the fields of the generators and tends to reduce the 
speed. Self-regulation is thus admirably accomplished. Obvi- 
ously for the same reason it is possible to vary the speed of the 
turbine slightly by adjusting the field rheostat. 

The quantity of steam used determines obviously the relative 
amount of load carried by the low-pressure turbine; the greater 
the amount of steam the greater the proportion of load taken 
by the turbine, which is due, of course, to the variation of pres- 
sure in the receiver. As this pressure increases the total range 
of pressure available for the turbine increases, the heat available 
per pound of steam increases, and consequently more work is 
done, assuming, of course, a constant vacuum in the turbine 
exhaust. 

In the method of low-pressure turbine installation described 
in the preceding paragraphs, where the turbine operated with- 
out a governor of its own, the electrical machines driven (gen- 
erators) were of similar types; that is, all the current generated 
was supplied to a single line. It is not infrequent, however, for 
low-pressure steam turbines to be installed to operate with re- 
ciprocating engines in power houses where the generators on the 
engines are to supply direct current lines and the generators on 
the turbines are to supply alternating current for transmission 
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to a distance. Such an arrangement is shown in Fig. 181e. 
Obviously the engine and the turbine must each have its own 
governor. If the low-pressure turbine were arranged to take 
only the load from the alternating current line there would be 
much steam wasted when the direct current load happened to be 
heavy and the other light; and conversely it might be neces- 
sary to sometimes supply the low-pressure turbine with high- 
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Fic. 181e. Application of a Rotary Converter in the Combination of Low- 
pressure Turbine with Reciprocating Engine. 


pressure steam when the load on the engine was light. A most 
satisfactory method to avoid these difficulties is to install a 
rotary ‘converter or motor-generator set as shown. Any in- 
equality of the two loads will then be taken care of and the load 
coming on the engine and on the turbine will be divided auto- 
matically to give the best results. This sort of arrangement 
might not be very satisfactory for taking care of electric lighting 
loads if there were likely to be exceptionally frequent reversals 
of the operation of the converter from alternating to direct 
current and vice versa, as there might be a voltage change of 
several per cent. which would perceptibly affect illumination 
until again adjusted at the switchboard. In most cases, how- 
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ever, the demand for one kind of current will always predomi- 
nate, so that this sort of reversal is not likely to be troublesome. 

Another application of a low-pressure turbine is illustrated in 
Fig. 181f, where the steam engine drives a line of shafting through 
a belt drive and the low-pressure steam exhausted from the 
engine goes to a turbine generator unit supplying an electrical 
transmission line. In this case the engine and the turbine must 
each have a governor, as the loads on the two machines are en- 
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Fic. 181f. Application of Condenser in Combination System. 


tirely unrelated. The device adopted in this case to make the 
plant as economical of steam as possible is to operate the engine 
in such a way that the excess of steam, above that required for 
the low-pressure turbine, is discharged directly into the condenser. 
By this method the engine will operate at times at a fairly good 
vacuum as determined by the relative amounts of steam and 
absolute pressures in lines A and B. The governor on the tur- 
bine operates only the by-pass valve V, regulating the flow of 
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steam from the engine exhaust into the condenser. When the 
load on the turbine is light this valve will be nearly wide open, 
deflecting only a small amount of steam into the turbine; but 
when the turbine load gets near its full capacity, the condenser 
by-pass valve will be nearly closed. It becomes thus possible 
for the engine to obtain the advantages of nearly full vacuum 
when the turbine is running light. It is a good practice to put 
the usual type of valve on the inlet pipe to the turbine which will 
also be controlled by the governor to prevent the turbine run- 
ning away on very light load. 

A very interesting type of installation is shown in Fig. 181g. 
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Fic. 181g. Application of Synchronous Motor in Combination System. 


The method illustrated here consists in the installation of an 
electric motor of the synchronous type supplied with current 
from the generator driven by the turbine and having the pulley 
on its shaft belted to the line shafting driven by the engine. In 
case the electrical load on the turbine-generator set becomes too 
large for it to handle it will slow down slightly with the result 
that the synchronous motor will be driven from the line shafting 
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as a generator to supply more current to the electrical supply 
lines. The additional load coming on the engine as the result 
of driving the motor will cause the governor to open the inlet 
valve wider on the engine and admit a larger amount of steam 
to the system. Conversely, when the line shafting is overloaded 
the governor on the engine admits more steam to the system, in 
greater amount, however, than the turbine requires. This re- 
sults in a speeding up of the turbine and a forging ahead of the 
synchronous motor so that it acts now purely as a motor to 
assist in driving the shafting. 

Provisions for Intermittent Supply of Steam. An ingenious 
development, largely due to Professor Rateau, has been applied 
to cases where the supply of exhaust steam is intermittent, as 
in the case of rolling mill and winding engines. Rateau’s device, 
called an accumulator, is used to bridge over the “dead periods,” 
and by providing sufficient capacity it can be made to provide a 
practically constant supply for an exhaust turbine. 

Rateau’s Accumulator. This regenerator or accumulator is 
shown in Fig. 182, illustrating longitudinal and transverse sec- 
tions. This regenerator consists of a large cylindrical shell partly 
filled with water. When the engine exhausting into it is running 
the steam is delivered as a spray through the small holes in a num- 
ber of pipes immersed in the water. By this method some of the 
steam is condensed and gives up heat to the most of the water. 

As these accumulators operate usually with steam at atmos- 
pheric pressure, the entering steam will have a temperature of 212 
degrees F. and will tend to heat the water to that temperature. If, 
now, the engine stops, the supply of exhaust steam is discontinued, 
and the flow of steam to the turbine will tend to make the pres- 
sure fall off slightly so that 212 degrees F. will then be slightly 
above the temperature of boiling water at this lower pressure. In 
this way the water will be evaporated to supply steam as a boiler 
would. If, now, the engine starts again, steam will be delivered 
to the accumulator at a temperature slightly above that to which 
the water has fallen, due to the cooling effect of the evaporation 
for supplying the turbine, and the mass of water will again absorb 
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heat from the exhaust steam. Water has a higher specific heat 
than any other substance except hydrogen, so that it is a most 
suitable and convenient substance for heat accumulation. 

In actual practice it is more convenient to run the regenerator 
at a pound or two pressure above the atmosphere, as in this case 
the piping is not under vacuum, so that so much care does not 
have to be exercised to avoid air leaks. In certain cases, how- 
ever, it is desirable to run below atmospheric pressure. In this 
way the power of the primary engine may be augmented by 
letting it operate at a partial vacuum. Plants are actually run- 
ning with a delivery pressure to the turbines as low as six pounds 
below atmospheric pressure. 

On account of heat radiation from the accumulator, water 
gradually accumulates in it; but by means of a float trap shown 
at the right-hand side of the longitudinal section this excess of 
water is removed. 

If for any reason the engine shuts down for a considerable 
period, the supply of heat stored in the accumulator will become 
exhausted and the pressure will fall below the practical limit for 
operation of the turbine. To provide for such an emergency an 
automatic reducing valve is inserted in the piping to deliver live 
steam to the accumulator. ‘There is also a relief valve on the 
accumulator through which excess steam will pass off into the 
air when the pressure becomes excessive. 

The pressure in the accumulator should be always about 
three to five pounds per square inch, gage pressure, or at least a 
few pounds above the atmospheric to avoid the possibility of air 
leaking into the system. 

The important consideration in the selection and designing of 
an accumulator for a low-pressure turbine is the length of time 
the regenerator will be expected to carry full load on the turbine 
without receiving any low-pressure steam from the engine or 
engines. Obviously the longer this time is, the greater the 
capacity required of the accumulator. Quite generally the mis- 
take has been made, according to Hodgkinson,* of supplying 


* The Electric Journal, vol. X, page 335. 
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these accumulators in much too large sizes for the require- 
ments. In many cases the time interval has been assumed to be 
six to seven minutes, during which the accumulator must supply 
the steam, while more careful study shows that five to six seconds 
would have been a much better estimate. The case of a steel 
mill is cited. If the exhaust is to be taken from a blooming 
mill the time element should bear some relation to the period 
between the passes of an ingot, as well as to the maximum 
time from the last pass of one ingot to the first pass of the next 
ingot. The accumulator should not be designed, therefore, to 
cover such delays as would arise from the clogging of the mills 
or because a new ingot might not be ready to be bloomed. For 
these cases of unusual delays another method is recommended. 
When the demand for steam at the engines is interrupted there 
will be a sudden rise of pressure in the boilers and the safety- 
valves will blow off. This steam should be piped to the accu- 
mulator inlet instead of being allowed to escape to the atmos- 
phere. This steam from the safety valves will assist materially 
in helping the low-pressure turbine in carrying its load. A very 
good arrangement for the accomplishment of this idea is to place 
a “cross-connection ’’’ of piping between the steam main sup- 
plying the engine and the engine exhaust line, and to put into 
this line a globe type of spring loaded valve set to permit steam 
to pass through the cross-connection when the pressure is a few 
pounds lower than that at which the boiler safety valves will 
blow. 

For engine power plants, where the supply of exhaust steam 
is often stopped for long periods or where there is a deficiency of 
exhaust steam for only a few short periods each day an accumu- 
lator installation is not warranted, and the low-pressure turbines 
are provided with piping and simple valves to reduce the pressure 
of steam taken directly from the boilers, in addition to the ex- 
haust steam piping. (See pages 333 to 336.) 

Amount of Water in a Regenerator. The quantity of water 
W in pounds required in a regenerator is 

wr 


W = Sess 
65 (4 — &) 
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where w = total weight of steam “regenerated” per time 
interval, pounds; 7 = latent heat at average pressure (usually 
971 B.T.U.); & and #, the boiling temperatures at the higher and 
lower pressures in the regenerator. These pressures usually 
range from 18 to 15 pounds per square inch absolute, although 
sometimes the pressures may be as low as 12 pounds per square 
inch absolute. 

Low-Pressure Turbines. A steam turbine designed for oper- 
ation with low-pressure steam has, of course, relatively few rows 
of blades compared with ordinary high-pressure turbines. 
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Fic. 184. 1000-kilowatt-Westinghouse Low-Pressure Turbine. 


Fig. 184 is a copy of a shop drawing of a 1000-kilowatt Westing- 
house double-flow low-pressure turbine. The exhaust steam 
from the engines enters through the annular space H and is dis- 
tributed to the right and left sections of Parsons blading. The 
upper half of the drawing is a section of the rotor and shows the 
method of construction. The exhaust is discharged through the 
base as indicated by arrows. The openings I, I are provided for 
convenient inspection of the blading. They are covered with 
suitable covers in which automatic relief valves are fitted. 

Economy curves of this turbine are shown in Fig. 185. The 
pressure of the steam delivered to the turbine was approximately 
atmospheric. The vacuum, as shown by the curves, was 273 
inches for one test and 28 inches for the other. 
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A Curtis exhaust steam turbine installed in Philadelphia 
receives the exhaust steam from reciprocating engines at a pres- 
sure of 15 to 16 pounds per square inch absolute, and exhausts 
into a condenser with an average vacuum of 28 inches. The 
turbine has no governor, but takes all the steam the engines 
will supply. The eae over and above that obtained from 
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Fic. 185. Curves of Steam oe of a 1000-kilowatt ace ian 
Low-Pressure Turbine. 


the reciprocating engines is increased about 66 per cent. for the 
same steam consumption. 

Since the exhaust from reciprocating engines is often very wet, 
it is good practice to insert a steam separator in the steam pipe 
leading to the low-pressure turbine. 

Most applications of low-pressure turbines have been made in 
collieries and steel mills, where non-condensing engines are the 
rule. Results are, however, so satisfactory that the design of 
new plants having a compound engine with a smaller low-pressure 
cylinder than is usually provided, which is to discharge its 
exhaust into a steam turbine may be successful. 

Low-Pressure Steam Turbines Combined with Gas Engines. 
There is also another field open to the low-pressure steam tur- 
bine. The hot cooling water from the jackets of large gas en- 
gines could be heated by the exhaust gases, and the low-pressure 
steam thus formed would drive a steam turbine. 


CHAPTER X. 
MIXED-PRESSURE TURBINES. 


Ir sometimes happens that there is an available source of low- 
pressure steam which it is desired to utilize for the development 
of power, but where unfortunately there is not always at hand 
a sufficiently large amount of this low-pressure steam to take 
care of the power requirement. To suit this condition it is not 
infrequent to provide in a steam turbine a high-pressure section 
to take steam at boiler pressure and thus help out the low- 
pressure section when its normal supply of steam is low. In this 
type of construction when, however, the supply of low-pressure 
steam is sufficient for the power requirements, the supply of 
high-pressure steam is cut off entirely by the governor; and on 
the other hand when the supply of low-pressure steam becomes 
again sufficient in quantity, no more high-pressure steam is 
used. 

The generous use of live steam in low-pressure steam turbines 
is not by any means as poor engineering practice as at first 
thought it appears. The obvious reason for admitting live steam 
to the turbine is that the supply of low-pressure steam from 
the engines is insufficient for the turbine requirements, and that 
consequently some of the engines have been relieved of their 
load more or less suddenly. The boiler plant continues, however, 
to make steam at the former rate, and the safety valves will soon 
blow off unless the excess steam can be used in the power plant. 
By taking this excess of steam to the turbine to help in carrying 
its load, which we shall assume has not been reduced, will serve 
to use this excess of steam to the best possible advantage. It 
is not an unusual practice even to pipe the discharge from the 
safety valves on the boilers into the receiver in the low-pressure 
piping supplying the turbine. These conditions are met most 
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frequently in the suddenly variable loads in rolling mills and in 
hoisting operations where the reciprocating engine drives the 
rolls or hoists and the low-pressure turbine supplies a more or 
less constant electrical load for both lighting and comparatively 
light power requirements. If the intervals requiring the use 
of high-pressure steam are relatively long, as for example five 
to ten hours on the average, then a so-called “ mixed turbine” 
type should be used. The accumulator method is also adap- 
table for the longer period but is expensive as regards first cost. 

The so-called ‘‘mixed” steam turbine has been a development 
of the applications of steam turbines to suit two important con- 
ditions of operation which are as follows: (1) the case where 
a low-pressure turbine is to be used to develop an amount of 
power for which there is not constantly available a sufficient 
amount of low-pressure steam to carry the average load; and 
(2) when there are large enough quantities of low-pressure steam 
at certain times to carry the load but at more or less long inter- 
vals there is no exhaust steam supplied at all. Both of these 
cases require the supplying of large quantities of steam from 
sources independent on the exhaust lines and live steam direct 
from the boilers is invariably the substitute. For this sort of 
service with widely varying steam pressures the mixed-pressure 
turbine has found acceptable application. In speaking of a 
mixed-pressure turbine in this chapter we shall think of one hav- 
ing separate high- and low-pressure portions in a single casing. 
A good example is shown in Fig. 185a, where the high-pressure 
portion is provided with an impulse wheel which is made easily 
removable so that when for long periods high-pressure steam 
is not needed it can be taken off. High-pressure steam enters 
at the steam chest opposite the nozzles in the “impulse”’ section. 
Low-pressure steam enters only the reaction blading through the 
vertical pipe coming up behind the “reaction” section. Such a 
turbine differs essentially from the ordinary low-pressure tur- 
bine which is provided with its own governor only in having 
under the control of the governor a special set of valves arranged 
to supply live steam to nozzles directing steam into a section of 
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high-pressure blades before discharging through the low-pressure 
sections along with a supply of low-pressure steam with which 
it mixes. A very common type of mixed-pressure turbine con- 
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Fic. 185a. Mixed-pressure Turbine. 


sists of an impulse wheel in which the energy drop from boiler 
to about atmospheric pressure is absorbed and the remainder 
of the energy is taken out by expansion in low-pressure reaction 
blading. An installation of this kind is illustrated by Fig. 185b. 
The valves under the control of the governor are adjusted so 
that no high-pressure steam is admitted until the valves on the 
low-pressure line are wide open. ‘There are often excellent oppor- 
tunities for the installation of mixed-pressure turbines in con- 
junction with accumulators; but in every case a check valve 
must be provided between the accumulator and the turbine in 
the low-pressure line to prevent live steam getting back into 
the shell of the accumulator, which will probably not be strong 
enough to withstand the excessive stresses that might be pro- 
duced. 

In many mixed-pressure turbines the high-pressure section, 
if of a simple disk construction, is frequently made removable 
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as in Fig. 185a, so that the “windage” loss due to its revolution 
when not in use can be eliminated. A good estimate is that 
about 2 per cent. of the power of the turbine is lost in the air 
resistance of such a high-pressure section. 


Fic. 185b. Low-pressure Turbine with Live Steam Valve Installed at Peace 
Dale; R. 5. 


Mixed-pressure turbines are not often used in sizes larger 
than about 2000 kilowatts. To meet the requirements of the 
larger capacities it is best to use a regular or “complete expan- 
sion” turbine in combination with a smaller simple low-pressure 
turbine. 


CHAPTER XI. 
BLEEDER OR EXTRACTION TURBINES. 


THE name “bleeder” or “extraction” turbine is given to 
one specially designed to take steam at boiler pressure and to 
exhaust part of this steam at a normally low vacuum while 
another part is “extracted” or taken out from one of the 
stages at a pressure of five to ten pounds per square inch gage 
pressure; that is, just a little above atmospheric. In many 
cases, as for example in cotton, woolen, and paper mills, this 
steam is “‘extracted” for manufacturing purposes, usually heat- 
ing water in vats. More commonly, however, such turbines 
find their application for supplying the low-pressure steam re- 
quired in a heating system for houses, factories, office buildings, 
etc. Because this latter supply is needed only a part of the year 
and otherwise is variable with the seasons, there will be times 
when the turbine operates by complete expansion of all the steam 
supplied to it by the boilers. Obviously it is necessary to provide 
in such turbines a means whereby the “ bleeder”’ steam can be 
taken out at any time, and with sufficient back pressure even at 
light loads to maintain a pressure in the section from which the 
steam is to be withdrawn to overcome the resistances of pipes 
and valves, so that steam can flow freely as required. It is 
desirable also that the pressure in this section of the turbine 
should be fairly constant. To accomplish this result in Wes- 
tinghouse-Parsons turbines a partition diaphragm has been used 
to separate completely the high-pressure from the low-pressure 
portion, as shown in Fig. 185c. The steam enters the high-pres- 
sure section through admission valve A and passes normally out 
through the bleeder passage and into the mains to be supplied 
with steam. When the turbine uses more steam than is needed 
for the service supplied the pressure in these passages “ backs 
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up,” and the weight loaded by-pass * valve V opens when the 
pressure exceeds that for which the valve has been set. The 
steam then flows out into the low-pressure sections of the tur- 
bine and thence into the condenser. It is the function of this 
valve to maintain sufficient pressure in the passages to create 
the desired flow into the mains. There is usually some throt- 
tling action in valves of this type which may cause a slight drop 
in the available energy of the steam supplied to the low-pressure 
sections. 
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Fic. 185c. Westinghouse-Parsons “ Bleeder” Turbine. 


To avoid the throttling action, Curtis “bleeder”’ turbines 
are designed to regulate the flow of steam by the use of 
ring-shaped valve over the nozzles leading from the stage from 
which the steam is to be “ extracted.” This valve is operated 
automatically by a mechanism responsive to the pressure in the 
stage so that the effective area of the nozzles is changed as 
required to maintain a constant pressure. By this method the 
closing of the nozzles occurs only in groups, so that any slight 
throttling action that might occur due to partial opening would 
create its loss only in a small group rather than in all the nozzles 


* Similar to a relief or safety valve in its action. 
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in the stage; those not throttled would be either closed off 
entirely or else wide open. 


Frc. 185e. Side of Diaphragm of Bleeder Turbine. 


Parts of this device are illustrated by the following figures: 
Fig. 185d shows the ring valve used for covering the nozzles 
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which are bolted in the usual construction to the side of the 
diaphragm (Fig. 185e). This valve is operated by the piston in 
an oil (or steam) cylinder which is in turn moved by being 
subjected to oil or (steam) under pressure admitted from a high- 
pressure supply by a small pilot valve actuated by leverage con- 
nections to the diaphragm (30) in communication by small piping 
with the stage in which the constant pressure is to be main- 
tained. Fig. 185f shows a cross-sectional view of the mechan- 
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Fic. 185f. Valve Gear of Curtis Bleeder Turbine. 


ism which actuates the valve. By means of a flexible joint at 
(x) the piston rod (2) moves the valve plate back and forth over 
the face of the nozzles. Pressure on the piston (14) in the oil 
(or steam) cylinder (13) gives the movement to the piston rod. 
Movements of the piston are effected by means of the pilot valve 
(22) which is in turn actuated by the diaphragm (30) by means 
of the rods (34) and (39). ‘This diaphragm with its “ corrugated” 
or “accordion”’ sides forms a cylindrical chamber which is in 
communication by means of small piping with the stage to be con- 
trolled, and from which the “ bleeder” steam is to be taken. 
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Movements of the diaphragm are opposed by the spiral spring 
(36) which can be set to maintain any desired steam pressure in 
the stage. 

Careful inspection of Fig. 185d shows that the ports in the 
ring valve are not all of the same size but are of progressively 
increasing width around the circumference from the narrowest to 
the largest. The narrow parts begin closing up on the first move- 
ment of the valve. There are four groups. The second group 
begins closing only after the first or narrowest set is fully closed. 

A balance-plate (Fig. 185g) is put on top of the ring valve 
(Fig. 185d) for the purpose of assisting in equalizing the pres- 
sure on the two sides of the valve, and thus reducing the force 
required to move it, since the steam pressure is not effective 
on the whole surface of the ring valve. 
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Fig. 185g. Balance-plate for Curtis Ring Valve. 


It is comparatively a very easy matter to remove some of the 
steam which has been partly expanded in the turbine by the 
use of suitable automatic or hand-controlled valves even when 
the quantity of steam required at a constant pressure in such a 
bleeder line is quite variable. By this method it is possible to 
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extract the greatest amount normally possible as required for 
generating power and at the same time supplying at a reason- 
ably constant pressure “usually about atmospheric,”’ or about 
5 pounds above, the requirements for heating or industrial 
purposes. 

Fig. 15h shows the satisfactory filling of the blades of an 
impulse turbine of the “ bleeder ”’ type. 


CHAPTER XII. 
MARINE TURBINES. 


ONE of the most important fields for the steam turbine is the 
propulsion of ships. In the mercantile marine the progress of 
the turbine had been extremely rapid, the first mercantile vessel 
propelled by turbines having been built only a very few years 
ago. That vessel had about 700 tons displacement, and developed 
3500 indicated horsepower, comparing with a tonnage of 45,000 
and 70,000 horsepower in the Lusitania and Mauretania. Care- 

ful trials had shown that at all speeds above 14 knots the turbine 
‘was more economical than the reciprocating engine, being 15 per 
‘cent. . better at 18 k knots, 31 per cent. better at 20} knots, and 36 
"per cent. t. better at 20.1 knots. In the Dover-Calais service it had 
been found that the turbine boats carried passengers at two knots 
greater speed with 25 per cent. less coal per passenger than boats 
propelled with reciprocating engines. _A saving in coal-of about 
9 per cent. was computed for the turbine steamers belonging to the 
“Midland Railway (England), as compared with similar steamers 
of the same company equipped with reciprocating engines. 
The difference in initial cost and in weight of machinery was 
found to favor the turbine driven ships by 13 and 6 6 per cent. 
respectively. When used for marine service, doubtless the 
greatest defect of practical steam turbines is that they cannot be 
reversed. Many attempts have been made to devise a turbine to 
reverse in a simple way. comparable with a reversing reciprocat- 
ing engine. It is the present practice to provide turbine driven 
ships with two turbines used only for reversing, and as they are not 
intended for high speed, they may be of small power compared 
with the main turbines. These two reversing turbines are usually 
fitted to the same shafts as the low-pressure turbines, and when 
the ship is running ahead their rotors revolve idly in a vacuum. 
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When the ship is to be run backward the steam is shut off from 
the “ahead” turbines and is admitted to the auxiliary reversing 
turbines. There is, of course, a disadvantage from not having 
at times the full normal motive power of the ship available 
for backing. Besides, conditions are not ideal when a large 
portion of the plant is idle for a greater part of the time. These 
reversing turbines will occupy a great deal of longitudinal space, 
so that the floor space required for an installation of marine 
steam turbines is larger than that required for reciprocating 
engines for the same conditions of service. 

The White Star Company (International Mercantile Marine 
Company) has decided to operate ocean steamers with a com- 
bined reciprocating and turbine engine plant. The two outer 
shafts are driven by quadruple expansion reciprocating engines 
and the central shaft by a low-pressure turbine operated by 
the exhaust steam from the low-pressure cylinder of the recip- 
rocating engines. For going backward, the reciprocating en- 
gines are used, as they are readily reversed, and in the ordinary 
service the turbine and reciprocating engines are operated 
together. By this combination the advantages of reciprocating 
engines for reversing are secured, together with the great range 
of expansion which is possible with the steam turbine. 

It is difficult to say what developments the future will bring 
in the applications of steam and gas turbines to the marine 
service. Practically all the new battleships and cruisers for the 
American and British navies are now turbine driven. If we 
consider that the steam turbine commenced its real develop- 
ment only in 1885, the future certainly may have rich possi- 
bilities.* 

Fig. 185i represents the results of tests made at variable 
speeds and powers on a standard combined impulse and reaction 
type of turbine. In explaining the results of these tests Mr. 
H. T. Herr states that investigations now under way by the 
“Westinghouse interests” will insure the elimination in the near 
future of the reciprocating engine in the field of marine propul- 


* Complete and detailed discussions of the Curtis and Parson types of marine 
steam turbines and speed reduction gears are given in Marine Steam Turbines, 
by the author, published by John Wiley & Sons, New York. 
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sion as the turbine generator has practically eliminated it for 
electric power plant service. 

On account of the difficulty of adjusting the inherent re- 
quirements of the steam turbine for operation at relatively high 
rotative speed and the corresponding difficulty, opposite how- 
ever, in effect, of the efficient operation of the propellers of 
steamships at anything but relatively low speed, the applica- 
tions of steam turbines to the propulsion of ships has been very 
much limited. If it were not for these difficulties there is no 
treason why the steam turbine should not displace the recipro- 
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Fic. 185i. Curves Showing Variation of Steam Consumption, Horsepower, and 
Efficiency of Latest Designs of Steam Turbines with Speed. 


cating steam engine almost entirely for this service. On_this 
account, however, the application has been confined almost 
entirely to merchant and naval vessels designed for high-speed 
_ service. Experience has shown that in the applications of steam 
turbines to slow-speed ships there has been no appreciable 
saving in weight, in space, or in the cost of operation, over what 
it would have been with reciprocating engines. The nearest 
approach to the solution of this problem is to be secured prob- 
ably by the application of gearing essentially similar to that 
designed by De Laval. This sort of gearing cannot, however, 
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be applied without modification to turbines developing more 
than possibly tooo horsepower. A design much better suited to 
high-speed conditions and also adaptable for large power has 
been developed by the Westinghouse Machine Company with 
the codperation of Mr. George Westinghouse, Admiral George 
Mellville, and Mr. John H. Macalpine. The essential principle 
embodied in their improvements consists in the application of a 
so-called ‘ floating frame” designed to carry the pinion on the 
main turbine shaft. The experimental gear developed in the 
early stages had a floating frame supported on pivots, permitting 
flexibility as regards horizontal movement of the pinion, but 
was rigid as regards vertical movements. Very recently Mr. 
Westinghouse developed a very important improvement con- 
sisting in the substitution of a flexible support by means of 
hydraulic pistons taking the place of the rigid vertical supports, 
and in this way improving very much the efficiency and the 
wearing properties of the gear. This improvement in wearing 
properties had also the effect of reducing to a minimum all 
noise and vibration which in the original design were consid- 
erable. In this later design (Figs. 185j and k), the main frame 
supporting the pinion is held up by the pistons in the hydraulic 
cylinders filled with oil under pressure. This construction 
permits vertical movements of the pinion along with its flexi- 
bility in its floating frame and is therefore a great improve- 
ment in that the earlier design permitted only lateral move- 
ment. The vertical movement is permitted by the supporting 
of the floating frame on the piston connected to the support- 
ing rods. Similarly the lateral movement is permitted by the 
flexibility of the horizontal pistons on the two sides of the 
pinion. 

For a more complete description and discussion of the ‘“‘ float- 
ing frame” type of reduction gear see Engineering, vol, 95, 
pages 169 and 609. 

Water rate curves drawn from the data of acceptance tests 
of the battleships North Dakota and Delaware are shown in 
Fig. 1851. Curves A and B, show the steam consumption per 
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Fic, 18sj. “Floating Frame” Reduction Gear, Showing Gears when Side of 
Casing is Removed. 
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Fic. 185k. Reduction Gear, Showing Flexible Support of Pinion. 
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Geared Steam Turbines were used. 


MARINE TURBINES 349 


shaft horsepower per hour of the engines in the two battleships, 
while C and C,; show the corresponding results if geared turbines 
had been used instead of reciprocating engines. It is estimated 
that with a geared turbine combination of the Westinghouse 
“floating frame” type the economy of the prime movers in 
vessels of the Delaware class could be improved 30 per cent. 
at full speed and 25 per cent. at cruising speed. Fig. 185m 
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Fic. 185m. Low-pressure Turbine Casing for Passenger Steamship. 


shows the enormous size of the casings for the low-pressure 
sections of the steam turbines installed in modern battle- 
ships. 

Electrical Transmission for Ships. Another method differ- 
ent from the use of reduction gears has been applied for making 
the steam turbine more adaptable for marine service. This 
method consists in using on the vessel steam turbines direct 
connected to high-speed electric generators, which can operate 
then under practically identical conditions as in “ land ”’ service. 
These turbines, obviously, can be designed to operate at a speed 
best suited to obtain high efficiency. The electric current from 
the generators is used to drive slow-speed electric motors on the 
shafts of the propellers, the speed here being that giving best 
efficiency for the propellers. This method offers great flexibility 
in the handling of a vessel, as the motors can be very quickly 
reversed, and changes of speed are readily obtainable. 
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The application of electricity to the propulsion of ships is 
best suited to very large vessels requiring good fuel economy 
at two or more speeds. High powered warships are typical and 
probably the best examples. When, as in the ordinary merchant 
service, steamships operate practically continuously at a con- 
stant pre-determined speed, the transmission of power from the 
steam turbines to the propellers can be done most economically 
by a mechanical means, instead of by generating electricity 
in electric generators attached to the turbines and then 
using this electricity to drive electric motors connected to the 
propellers. In the operation of warships, however, it is neces- 
sary to design the power transmission apparatus so as to be 
able to maintain the maximum speed of the warship for a long 
time, and yet in order to establish reasonably economical condi- 
tions of service, it will be necessary to devise a means by which 
the ship can be operated at a moderate cruising speed without 
great loss. For these conditions, the electric method of power 
transmission is by far the best yet devised. 

The fundamental principles of electric machines upon which 
this kind of service depends is that the speed of the alternating 
current motors is inversely as the number of electro magnets 
operating as poles. For example, if in an electric motor there 
are thirty-two poles and in the generator there are two poles, 
the speed of the motor is one-sixteenth of that of the generator. 
Now in the application of the electrical method, it can be ar- 
ranged so that by throwing a switch there will be sixteen poles, 
or thirty-two poles, or sixty-four poles operative on the motor. 
When it is required to drive the propellers at low speed which 
is the top speed of the ship, a switch is moved to have a 
certain number of poles at the motor corresponding to the 
speed. The poles in the generator remain fixed in number and 
there is no change. One of the important advantages claimed 
for the electric method is that one-half of the motive power of 
the ship can be destroyed, and if the other half still remains 
operative, it will be possible to drive the ship at a very good 
cruising speed. Electric transmission thus makes possible the 
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use of a plurality of cruising and generating units so that dam- 
age to one or more parts will not disable the vessel. According 
to official data, it is shown that the electrical method of trans- 
mission costs considerably less than the mechanical and that 
electrically driven battleships are much more economical than 
those driven by other methods. Relative costs are shown by 
comparison of the contract price for prime movers and electrical 
propelling machinery for the battleship New Mexico, which was 
only a little more than $431,000, while the lowest price given 
for similar equipment for mechanical transmission was about 
$600,000. 

The electrical method gives a very simple means for the re- 
versal of the propellers on a ship, by merely changing electrical 
connections without mechanical devices such as complicated 
piping, valves, etc., ordinarily needed when there is direct 
mechanical connection between the prime mover and the pro- 
peller. The usual methods of reversing the propellers when 
driven by steam turbines with mechanical transmission results 
in low efficiency. The electrical method, on the other hand, 
gives full reversing power without affecting the efficiency of the 
equipment in the forward direction. 

Large steam turbines together with direct-connected gener- 
ators, such as would be used on warships, give efficiencies based 
on the available energy in the steam of over 80 per cent. The 
electric motors have, on the average, an efficiency of about 
95 per cent. for this kind of service, and if we assume a boiler 
efficiency of 80 per cent. the coal consumption would be only 
0.825 pound per shaft horse-power per hour, as calculated for 
coal containing about fourteen thousand British thermal units 
per pound. It should be noted in this connection that this 
figure compares favorably with the operation of Diesel oil engines 
when the necessary lubricating oil for such engines is taken 
into account. 

Some good data are now available as to the relative weight of 
prime movers and other propelling machinery for vessels 
equipped with (z) reciprocating steam engines, (2) steam tur- 
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bines transmitting their power to propellers through gearing, 
(3) steam turbines transmitting their power to propellers by 
electrical means. These data show that the weight is approxi- 
mately the same for the last two methods, but is nearly roo 
per cent. greater for an installation using reciprocating steam 
engines. Taking as a basis of comparison the equipment with 
steam turbines with electrical propelling machinery, the ‘steam 
consumption of the steam turbines with mechanical propelling 
machinery is about 20 per cent. greater and for reciprocating 
engines is about 25 per cent. greater. 

In order to be able to correctly judge the relative economy of 
different methods of propulsion, it may be interesting to com- 
pare the water rate per effective horsepower, taking for ex- 
amples the battleships Florida and Utah, which are equipped 
with Parsons turbines; the Delaware, which has reciprocating 
engines, and the New Mexico, with electric drive. 


Water Rate per Effective Horsepower per Hour. 
(Corrected for propeller losses.) 


Propeller 
Speed. 
12 Knots. 19 Knots. 21 Knots. 
TRUER RS be aetna aoe 328 31.8 24.0 2350 
SEA Wes ene seaessratce as aa 323 28.7 20.3 21.0 
DEVAWALE mee die ase See 122 22.0 18.7 21.0 
INGW WVCXIGO™. 4 » scee es 17.3 I5.0 16.4 


The new battle cruisers of the United States Navy are de- 
signed to have a speed of 35 knots, at which speed each requires 
about 180,000 horsepower. ‘There are four propellers operating 
at 250 revolutions per minute at maximum speed. The instal- 
lation for these ships consists of four high-speed turbine-gener- 
ators, each having a capacity of about 35,000 kilowatts. On 
each propeller shaft there are two independent induction motors, 
each having a capacity of 22,500 horsepower. The switchboard 
is arranged so that any combination of generating units and 
motors can be used. 


CHAPTER XIII. 
TESTS OF STEAM TURBINES. 


Testing Steam Turbines.* In every power plant the means 
should always be available for making tests of the steam equip- 
ment to determine the steam consumption. Usually tests are 
made to determine how nearly the performance of a turbine 
approaches the conditions for which it was designed. The 
results obtained from tests of a turbine are to show usually the 
steam consumption required to develop a unit of power in a unit 
of time, as, for example, a horsepower-hour or a kilowatt-hour. 

In such tests a number of observations must be made regarding 
the condition of the steam in its passage through the turbine and 
of the performance of the turbine as a machine. To get a good 
idea of what these observations mean, it may be profitable to 
follow the steam as it passes through the turbine. The steam 
comes from the boilers through the main steam pipe and the 
valves of the turbine to the nozzles or stationary blades as the 
case may be. It then passes through the blades and finally 
escapes through the exhaust pipe to the condenser. It is pref- 
erable to have a surface condenser for tests so that the exhaust 
steam can be weighed. The weighing is done usually in large 
tanks mounted on platform scales. 

Methods for Testing. The important observations to be made 
in steam turbine tests are: 

1. Pressure of the steam supplied to the turbine. 

2. Speed of rotation of the turbine shaft, usually taken in 
revolutions per minute. 

3. Measurement of power with a Prony or a water brake, if 
the power at the turbine shaft is desired; or with electrical instru- 
ments (ammeters, voltmeters, and wattmeters), if the power is 
measured by the output of an electric generator. 

* For complete and detailed information regarding the testing of steam tur- 
bines and other prime movers, as well as the revised codes of testing adopted by 
the American Society of Mechanical Engineers, see Power Plant Testing, pages 
294-363, by the author (McGraw-Hill Book Co., N.Y.). 
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4. Weight, or measurement by volume, of the condensed 
steam discharged from the condenser. Unless a surface con- 
denser is used it is very difficult to obtain the amount of steam 
used by the turbine. All leakages from pipes, pumps, and valves, 
which is part of the steam which has gone through the turbine, 
must be added to the weight of the condensed steam. The 
accuracy of a test often depends a great deal on how accurately 
leaks have been provided against, or measured when they occur. 

5. Temperature of the steam as it enters the turbine. . If the 
temperature is higher than that due to the pressure of the sat- 
urated steam given in steam tables, the steam is superheated; 
if, however, the temperature is not higher the steam may be 
wet, and a calorimeter must be attached as near the turbine 
steam chest as possible.* 

6. Vacuum or back-pressure. 

All gauges, electrical instruments, and thermometers should be 
carefully calibrated before and after each test so that observations 
can be corrected for any errors. The zero readings of Prony 
and water brakes for measuring power should be carefully 
observed and corrected to eliminate the friction of the apparatus 
with no load. Unless all these precautions are taken the dif- 
ficulties in getting reliable tests of turbines are greatly increased. 
In all cases tests should be continued for several hours with 
absolutely constant conditions if the tests are to be of value. 

The most valuable test of a steam turbine is made when varying 
only the load; that is, with pressures, superheat, and speed con- 
stant. When the steam consumption is then plotted against 
fractions of full load, a water-rate curve is obtained. For such 
a curve a series of tests are needed, each for some fraction of full 
load; and in each separate test the power as well as all the other 
conditions must be held constant. 

* The most satisfactory tests of turbines are made with steam slightly super- 
heated rather than wet. When steam is very wet (more than about 4 per cent. 
moisture for ordinary pressures) the determination of the quality is difficult. There 
is also a danger that steam showing only a few degrees of superheat by the reading 


of the thermometer is actually wet. ‘The high temperature is due in such cases tg 
heating from eddies around the thermometer case or-in steam pockets near it. 
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Another important test of the performance of steam turbines is 
made by varying both the speed and the power and keeping the 
other conditions constant. The observations of speed and power 
from such a test give a power parabola as illustrated in Fig. 80. 
This curve shows at what speed the turbine gives the greatest 
output. 

For complete tests of a steam turbine the steam consumption 
should be determined at full load (1) with varying initial steam 
pressure; (2) with varying vacuum; and (3) with varying superheat. 

A complete set of tests as outlined will give sufficient data to 
determine all the corrections usually required. 

Commercial Testing. The methods used by the New York 
Edison Company in commercial tests of steam turbine-generator 
units may well be explained briefly. 

During a test the load on the turbine unit is maintained as con- 
stant as possible by “remote control” of the turbine governor by 
the switchboard operator. The maximum variation in load is 
to be held within 4 per cent. above and below the mean. For 
some time previous to the test the turbine is run a little below the 
load required for the test, but at least ten minutes before the 
starting signal is given the test load must be on the machine. 

Three-phase electrical load is measured by the two-wattmeter 
method,* using Weston indicating wattmeters of the standard 
laboratory type. These instruments are calibrated by a well- 
known testing laboratory immediately before and after the test. 
Power factor is maintained substantially at unity and all electrical 
readings are taken at one-minute intervals. 

When the turbine is provided with a surface condenser, the 
steam consumption, or water rate, is determined by weighing in 
a large tank supported on platform scales the condensed steam 
delivered from the condenser hot well. Above the weighing 
tank a reservoir is provided which is large enough to hold the 
condensation accumulating between the weighings which are 
made at intervals of five minutes. By using a loop connection 

* See Mark’s Mechanical Engineers’ Handbook, 2d Edition, page 1682; Kent’s 


Mechanical Engineer’s Handbook, 10th edition, page 2026, or Foster’s Electrical 
Engineer’s Pocket-Book. 
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for the gland water supply (of Westinghouse turbines) or the 
water from the step bearing (of Curtis turbines using water for 
this bearing) the necessity for correcting the weighings for these 
amounts is avoided. 

Because the circulating water at the stations of this company 
is usually quite salt, any condenser leakage is detected by testing 
the condensed steam by the silver-nitrate method with a suitable 
color indicator. This color method is said to be a decided 
advantage over the usual method of weighing the leakage accu- 
mulating during a definite period when the condenser is idle and 
is tested for only one particular vacuum. By taking samples 
of circulating water and condensed steam at the same time, 
it is possible to detect any change in the rate of condenser 
leakage. 

The water level in the hot well is maintained at practically a 
constant point by means of a float valve in the well automatically 
controlling the speed and, therefore, the amount of the delivery 
of the hot-well pump. This device avoids the necessity for the 
difficult correction to be made in a test when the levels in the hot 
well are not the same at the beginning and end ofa test. Tem- 
peratures and pressures of the admission steam are determined 
by mercury thermometers and pressure gauges located near the 
main throttle valve of the turbine; the amount of superheat is 
determined by subtracting from the actual steam temperature 
after making thermometer corrections the temperature of 
saturated steam corresponding to the pressure at the point where 
the temperature is measured. All gauges and thermometers are 
calibrated before and after the test. 

Vacuum is measured directly at the turbine exhaust by means 
of a mercury column with a barometer alongside for reducing the 
vacuum to standard barometer conditions (30 inches). By this 
latter arrangement the necessity for temperature corrections 
which are necessary when the two mercury columns are not at 
the same place is avoided. ; 

Fig. 188 shows a 5500-kilowatt Westinghouse-Parsons turbine 
set up for testing in the shops’ before shipment to the customer. 


Sr 
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The power is measured by means of a large water brake shown in 
the figure at the left of the turbine. 

Reports of Tests. The tables given below have been prepared 
to show the steam consumption, together with the most impor- 
tant other data, of what are believed to be reliable tests of 
standard makes of steam turbines. The vacuum given in the 
tables is the equivalent referred to 30 inches barometer. 

Curtis Turbines. The following results were obtained by 
Messrs. Sargent and Lundy with a 2000-kilowatt Curtis turbine- 
generator. 


Fi Steam Pressure Superheat Pounds per 
Kilowatts. : Nf <a 
pee (Gauge). Deg. F. Vacuum, Inches. Kilowatt-hour. 
555 155.5 204 28.5 18.09 
1067 L7OL2 120 28.4 16.31 
2024 166.3 207 28.5 15.02 


Also the following results are reported with a gooo-kilowatt 
turbine-generator in Chicago: 


Kilowatts. Steam Pressure Superheat, Vacuum, Pounds per 
(Gauge). Deg. FE. Inches. Kilowatt-hour. 
59374 182 133 29 43 13 15 
8,070 179 116 20-35 13.00 
10,186 176 147 29.47 12.90 
13,900 198 140 29.31 13 60 


Tests of 30,000-Kilowatt Westinghouse and Curtis Turbines. 
The following tests of a 30,coo-kilowatt cross-compound West- 
inghouse turbine is given as reported by Stott & Finley :* 


Kilowatts. Steam Pressure Superheat, Vacuum, Pounds per 
(Absolute). Deg. F. Inches. Kilowatt-hour. 
16,342 224.2 101.6 28.41 LL. 77 
20,472 220.4 I2I.0 28.58 11.47 
26,740 224.0 108.5 28 .86 Ir.26 
30,232 220.3 T2350 28.78 II .4I 


* Transactions, American Society of Mechanical Engineers, vol. 38, page 655. 
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Below is also a table of the tests of a 30,000-kilowatt Curtis 
turbine, as reported by H. B. Reynolds.{ This Curtis turbine 
should more properly be called a Curtis-Rateau turbine, as it 
consisted of 20 stages. The steam consumption has been cor- 
rected to standard conditions of 225 pounds per square inch 
absolute pressure, 150 degrees Fahr. superheat, and 29 inches of 
vacuum, referred to 30 inches barometer. 


Actual Steam Conditions. 


Corrected 
Total Condensate 
eR Condensate, | to Standard Pounds per 
“| Steam Temp. at Pounds per Condition, | Kilowatt- 
Pressure | Throttle, Vacuum, Hour. Pounds per Hour. 
Inches. 


Hour. 


(Absolute).| Deg. F. 


13,985 29 .00 
18,243 28.96 
24,159 29.01 
30,470 29.02 
34,448 28.96 
No load PY Oe aslh tadeyelevop ) PE eiereemess WIN somo. 


Test of 60,000-Kilowatt Turbine. The following is a test of 
a Westinghouse three cylinder steam turbine as reported in 
Power, April 1, 1919. Operating conditions were as follows: 
Steam pressure, 275 pounds per square inch gage; 175 degrees 
Fahrenheit superheat; 283 inches vacuum, referred to a 30- 
inch barometer: 
Rodda kilowatts. oiyaes os exo oa 30,000 40,000 50,000 60,000 
Steam, per kilowatt-hour, lbs... 11.55 1.15 10.90 11.10 


B.T.U. per K.W.-hr. at best load = 13,200. Thermal effi- 
ciency at best load based on K.W. = 3413 + 13,200 = 25.85 
per cent. 

Tests of Ljungstrom Turbines. The following tests of a 
Ljungstrom turbine, made in England by Captain Riall Sankey, 
gives the results of a test of a 1500-kilowatt unit: 


} Transactions, American Society of Mechanical Engineers, vol. 43, page 113. 
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es ee ee EE ee eens 
Test No. I Test No. 2 


Diitation: OF tests. cones oc See eee 1 hr. 40 min |2 hr. 40 min. 
Steam pressure before throttle valve, lb. per sq. 

AIT ARS aa5 es wo Pinte e ie cue RN ae ie ee 208 206 
Steam temperature before throttle valve, deg. F. 583 569 
Condenser back pressure, lb. per sq. in. abs.... 0.68 0.64 
Load aslo watts: <aseiaud ae. ad does oes oe ae 1,469 1,492 
Steam per kw-hr., pounds.32 02.2. enc+ pees 12.42 12.47 
Bataan kwalir sy: oo Siis.c..s2 dente amare anpeetere ete 15,562 15,562 


Parsons Turbines. A 1500-kilowatt Parsons turbine was 
tested at Sheffield, England, with the following results: 


ORCS Steam Pressure Superheat, Vacuum, Pounds per 
f (Gauge). Deg. F. Inches. Kilowatt-hour. 
530 145.0 IIO 28.9 21.58 
1071 131.0 124 28.3 18.24 
1585 128.5 125 2755 17.60 


These last tests show well the increased steam consumption 
(about 50 per cent.) when running non-condensing. 

Westinghouse-Parsons Reaction Type Turbines. The table 
below gives the results of tests of a 400-kilowatt Westinghouse- 
Parsons turbine. 


Brake Steam Pressure Superheat, Vacuum, Pounds per 
Horsepower. (Gauge). Deg. F. Inches. B.H.P. Hour.* 
279.4 Toeed 92.5 28.0 14.34 
410.7 153.2 102.9 28.0 13.45 
657.3 152.7 100.3 28.0 12.48 
967.5 149.6 100.2 27.6 12.79 
1207.5 152.0 99-9 2778 13-55 


a ee ee A 
* Observe the steam consumption is in pounds per brake horsepower hour, instead of pounds per 
kilowatt-hour as for some of the other results given here. 
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300-KILOWATT TURBINE (3600 R.P.M.). 


Pounds per 
BEE Pee Hour: 


Vacuum, 


Superheat, 


Inches. 


Deg. F. 


15-99 
13-99 
15-73 


28.0 
28.0 
ee 


Steam Pressure 


(Gauge). 


Brake 
Horsepower. 
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The curves given in Fig. 189 were plotted to show graphi- 
cally the steam consumption of 300, 500, and 1000 kilowatt 
Westinghouse-Parsons turbines with varying loads.* 

Rateau Turbine. A 1ooo-kilowatt Rateau turbine built at the 
Oerlikon works gave the following results of steam consumption: 


: Steam Pressure Superheat, Vacuum, Pounds per 
Beemer: (Absolute). Deg. F. Inches. Kilowatt-hour. 
194 186 27-73 31-97 
425 155 27.6 24.91 
871 181 23.6 24.69 
1024 179 25.05 21.98 


Zoelly Turbine. A 5500-kilowatt Zoelly turbine installed 
at the Ouest Electricity Works, Paris, is said to operate at 
full load with a steam consumption of approximately 12.0 
pounds per brake horsepower-hour at 160 pounds per square 
inch gauge pressure, 200 degrees F. superheat, and 27 inches 
vacuum. 

De Laval Turbine. The following table gives results of tests 
by Dean & Main of a 300-horsepower De Laval turbine: 


Brake Steam Pressure Superheat, Vacuum, Pounds per 
Horsepower. (Gauge). eg. F. Inches. B.H.P. Hour. 
196.0 197.7 16 27.4 15.62 
208.4 197.0 64 27.4 14.35 
352.0 198.5 84 27.2 13.94 


Steam Consumption of Turbines. The following table of the 
steam consumption of modern steam turbines of various types, 
was prepared by Professor A. G. Christie and is based on the 
operating conditions as follows: steam pressure 200 pounds per 
square inch gage pressure, 100 degrees Fahrenheit superheat, 
and 28 inches vacuum, referred to 30 inches barometer: 


* The numbers marked on the curves to indicate the vacuum represent the 


actual readings taken in the test and are not referred to a standard (30 inches) 
barometer. 
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Pounds per . Pounds per 
Baers Kilowatt-hour. on: Kilowatt-hour. 
250 18.0 4,000 TA 
500 17.0 5,000 13.8 
75° 16.4 7500 13.4 
1000 16.0 10,000 HBgit 
1250 15.8 15,000 12.8 
1500 15.6 20,000 12.6 
2000 1 25,000 1265 
2500 14.9 30,000 12.4 
3000 14.6 45,000 123 


The results shown in the above tests give the relative steam 
economy of the principal types of turbines from light load to 
overload. Tables I and II* on the following page give the com- 
parative results of the latest reported tests in America and in 
Europe. 


HEAT UNIT BASIS OF EFFICIENCY 


The usual methods used for correcting steam turbine tests to 
get a standard for comparison explained in Chapter VI are not 
established on a highly scientific basis. Engineers appreciate 
generally that a more rational method of comparison of the 
economy of heat engines on a heat unit basis should be adopted 
in cases where it is practicable. As regards steam turbines there 
are, however, so many uncertain factors entering into the deter- 
mination of a thermodynamic efficiency from the available energy 
that for the present such methods can be of little value, except 
in some special cases. Comparatively high superheats are now 
generally used, and our knowledge of the effect of reheating in a 
multi-stage turbine is very indefinite. 

A thermal efficiency can, however, be calculated readily and 
more satisfactorily by determining what percentage the heat 
equivalent of the work is of the heat “ used by the turbine,” 
assumed to be the difference between the total heat in the steam 


* Compiled by H. T, Herr and A, G, Christie. 
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at the initial conditions and the heat (“of the liquid”) in the 
condensed steam at the temperature of the exhaust. 

By this method the full load test of a Westinghouse-Parsons 
turbine reported by F. P. Sheldon & Co. will be calculated from 
the data given in an official report. 

In order to make the results of such calculations of steam 
turbine tests comparable with the usual heat unit computations 
of reciprocating steam engine tests the results are generally 
expressed in terms of indicated or “internal” horsepower. 
F. P. Sheldon & Co. assumed the mechanical efficiency of a 
reciprocating engine of about the same capacity at full load to 
be 93.3 per cent. 


THERMAL EFFICIENCY OF A 400-KILOWATT STEAM TURBINE. 


Brakcephorse powell e eloe ents sire erarclcte sie elstetsters Rete aes aie atone a 660 
Corresponding indicated or “internal” horsepower of a recip- 

rocating engine = COO a a oe ae Re Ma 708 
eotal steam used per hour, pounds .\ssa sets reine ster ores) s16 oot -loue 9169 
Steam used per “internal”? horsepower per hour, pounds .... 12.96 
Steam pressure, pounds per square inch absolute........... 166.9 
Sipe cheats Gegneesih men erect teat tare Wier stele stirs XG) 
Vacuum, referred to 30 inches barometer, inches............ 28.04 
Temperature of condensed steam, degrees F. (at .96 pound per 

Squarennel apsolite Presslre) steerer cere 100.6 
Total heat contents of one pound of dry saturated steam at 

themniplale pressure, sb oilhs Up tatens actin ane ial sve) ay eiretestee aia.) 1193.9 
Heat equivalent of superheat in one pound of steam, B.T.U. 

(Cie SO BG Fn 974. 000.6 DHS OOOO 0 OUI UO a0. cp oeiC 1.9 
Total heat contents of one pound of superheated steam, B.T.U. 1195.8 
Heat of liquid in condensed steam, B.U:U.... 32.3 - ace oes 68.6 
Heat used in turbine per pound steam, B.T.U.............. I127.2 


Heat used in turbine per “internal”? horsepower per 


12.96 
minute, B.T.U. = 1127.2 X Zs Eo ag eat a CROCS A 243-5 
Heat equivalent of one horsepower per minute, B.T.U. = ee 42.42 
Thermal efficiency, per cent. (42.42 + 243.5)......-.....000- 17.4 


Standard forms for data sheets and for tabulating results of 
steam turbine tests are given in Power Plant Testing by the 
author. (See pages 315-340.) Full explanations of methods 
and of necessary precautions are given. 


CHAPTER XIV. 


STEAM TURBINE ECONOMICS. 


The Best Conditions of Vacuum, Superheat, and Steam 
Pressure. For normal operating conditions, a great deal can be 
learned about the most profitable and satisfactory vacuum, super- 
heat, and initial steam pressure for steam turbines from a com- 
parison and study of existing modern power plants. 


DEVELOPMENT OF POWER PLANT UNITS 


Boiler 
Pressure, Heating z Steam, Pounds 
Kilowatts - 
Year Pounds per Surface, yeas per Kilowatt- 
Square Inch Square Feet P . Hour 
(Gage) 


The rate at which boiler design and turbine output has pro- 
gressed is almost phenomenal, and the problems which face 
engineers today in the light of modern advancement and develop- 
ment embrace designs for steam boilers of 400 pounds per square 


inch working pressure and 30,000 square feet of heating surface, 
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operating with turbines of 50,000-kilowatt capacity. This is 
present-day power plant engineering grown up from the small 
beginning of little more than 40 years ago as summarized in 
the preceding table:* 

Relative Cost of Turbines and Réciprocating Engines. It may 
be stated as a general rule that the large sizes of steam turbines, 
and this is especially true of combination units consisting of 
steam turbines and generators, that they are much cheaper than 
correspondence sizes of reciprocating engines or reciprocating 
engines and their generators. Small steam turbines sometimes 
cost more than cheap steam engines, while steam turbines in- 
cluding reduction gears cost practically the same as good steam 
engines, when both are equally suitable for the service. 

The amount of steam used by large steam turbines is much 
_Aess than that required for reciprocating steam engines of the 
"same capacity. It has often been stated that engines of the 
highest grade, and therefore of expensive design, with a capacity 
of 100 to 1000 kilowatts have equal and sometimes lower steam 
consumption than the corresponding size of steam turbines. 

Data acquired from cost records of power stations on sites near 
adequate supplies of condensing water, show that the cost of 
erecting public utility power plants, with capacities from 20,000 
to 60,000 kilowatts, is about $100 per kilowatt of installed capacity, 
_ when no spare turbine generator capacity is provided. The cost 
of the boiler room, designed to burn bituminous coal, including 
buildings, is about $300 per boiler horsepower installed, though 
this cost may vary widely because of differences in operating 
conditions and in the quality of the apparatus installed. An 
extension to an industrial boiler plant costs approximately $150 
a boiler horsepower, when the refinements in design and the 
high grade equipment used in public utility stations are not 
required. Modern large industrial power plants having load 
conditions similar to public utilities usually find the same ad- 
vantages in high operating efficiencies from the use of moder- 
ately high steam pressures and equipment designed for high 
efficiencies. For such plants the boiler room equipment would 


* In large part from Power Plant Engineering, June 1, 1024. 
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cost about the same as for a public utility station so that, allow- 
ing a cheaper building, the cost of the boiler plant would be close 
to $250 a boiler horsepower. By using a more cheaply con- 
structed building than the public utility station finds desirable, 
the cost of an industrial plant may be brought down to $100 per 
kilowatt installed and, if low investment charges are essential, 
this cost in some cases may be brought below $80. These are 
averages of costs based on an average building material com- 
modity price index of 170, considering 1913 prices as 100. 

Maximum Size of Steam Turbines and Steam Engines. Man- 
ufacturers of steam turbines have not considered it wise to put 
into production a larger size of steam turbine than about 70,000 
kilowatts. As a comparison it may be interesting to note that 
the largest reciprocating steam engine* is probably in a rolling 
mill at Lukens Iron Works, Pennsylvania, which is rated at 25,000 
horsepower (equivalent to 16,500 kilowatts). The largest re- 
ciprocating steam engine direct-connected to an electric generator 
is rated at about 5000 kilowatts. 

The Question of the Most Profitable Vacuum. Steam turbine 
manufacturers are inclined, naturally, because of the obvious 
advantages of turbines over reciprocating engines for operation 
at high vacuums, to draw attention to the reduction in the steam 
consumption when a plant is operated at a high vacuum. Then 
the question is often raised as to the actual economy considering 
the increased first cost of the condensers, pumps, and piping, 
together with probably larger operating expenses. A great deal 
depends on the local conditions, particularly on the average 
temperature of the condenser cooling water. At places only 
slightly elevated above the sea-level and where the temperature 
of the water supply for the condensers is very low — near the 
freezing point for a large part of the year — it is doubtless profit- 
able to install condensing apparatus of sufficient size to operate 
steam turbines at from 28.5 to 29 inches vacuum. The following 
table, calculated by J. R. Bibbins, gives side by side the 
theoretical and the practical vacuums at sea-level for varying 
temperatures of the cooling water. 


* See Kent’s Mechanical Engineers’ Handbook, roth edition, page 1099. 
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VACUUM AT SEA LEVEL FOR VARYING TEMPERATURES OF COOLING WATER. 


= Perfect Con- 
Theoretical Actual Con- Actual Con- 
Temperatures of Cooling Possible Seesen, Ne denser, 15° F. | denser, 15° F. 
ater. eg. F. Vacuum. Dittescn eat Difference. Difference. 
Inches. Tesnecwar Inches. Inches. 
Ratio Water to Steam...... lnfinite, 60 to I. 60 to I. Ioo to I. 
32 29 .83 29.67 29 .43 29.54 
60 29.50 20).12 28.56 28.82 
vic) 29.30 28.77 DGD 28.38 
75 29.10 28.51 Ny eG 23e0t 


In modern surface condenser installations there is usually a 
difference of about 15 degrees F.* between the temperature of the 
condensed steam and of the discharged water. It will be seen 
then in the above table that with the reasonable ratio of cooling 
water to steam of 60 to 1 the maximum vacuum obtainable, when 
the cooling water is taken in at 60 degrees, is 28.6 inches, and 
when taken in at 70 degrees is only 27.7 inches.t 

The fact must not be lost sight of that the elevation has an 
appreciable effect on the maximum possible vacuum and con- 
sequently on the most profitable vacuum. At an. elevation of 
1000 feet above the sea-level the possible vacuum obtainable 
with a given condensing apparatus will be about an inch less than 
at tide-water, and the vacuum reduction is, of course, in pro- 
portion for other elevations. 

Bibbins has also calculated the actual percentage saving when 
the condenser equipment is increased so that the plant can be 
operated at 28 inches instead of 26 inches. It is estimated that 
the cost of the condenser equipment including pumps and piping 
will be $4000 more for a 2000-kilowatt plant to operate at 28 
inches vacuum than at 26 inches vacuum. ‘The results are given 
in the table on the following page: 

* This is a conservative value. In good modern practice a considerably smaller 
temperature difference is obtainable. 

+ A firm of engineers, which has been installing steam turbines almost exclusively 
in the power plants it has designed and constructed, has equipped a power plant 


at Tampa, Florida, with Diesel oil engines because of the cost of cooling water in a 
warm climate. 
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RELATIVE ECONOMY OF 28 INCHES VACUUM OVER 26 INCHES IN A 
2000-KILOWATT PLANT. 


Estimated Increased Cost of Equipment is $4,000. 


: Water 
Net Saving Steam Saved per 
expressed as Consump- | Kilowatt- 
Percentage of Average Hours of Actual rae ie Coal, 
Increased Cap- Load Service Evapo- Aswan by Yeas Dollars 
ital Cost to in per ration, esas sae Wade per 
Secure 28 Ins. Kilowatts. Day. Pounds. PS a PR aE Ton. 
Vaeiieia: over watt-hour. 26 Ins. 
that for 26 Ins. ts oe fae 
118 1500 24 9.5 23 1.84 4.50 
27 1000 24 8 22 1.76 2.25 
4 1000 IO 8 22 1.76 1.13 


In the calculations for the above results the rate of interest was 
taken at 5 per cent. and depreciation at 7.5 per cent. on the extra 
cost of equipment. Cost of extra power consumed was at the 
rate of 1 cent per kilowatt-hour, and ro cents per 1000 gallons of 
feed-water saved. 

Although it may be stated, in general, that it is profitable to 
equip a station to operate under normal conditions at a vacuum 
of 28 inches instead of 26 inches, it will be observed from the 
above table that there are cases where there is practically no 
advantage either way. In the third case given, where the plant 
has only a 1o-hour load and coal is very cheap, the gain is only 
4 per cent. 

Operation at 29 inches vacuum compared with 28 inches is 
not nearly so favorable to the higher vacuum as the comparison 
of 28 inches with 26 inches. 

It will be observed in the table on the following page that the 
volume of the steam is increased practically in the same ratio (the 
volume is practically doubled) when the vacuum is increased from 
28 inches to 29 inches as when increased from 26 inches to 28 
inches. Fig. 181 shows graphically the very large increase in 
volume of the steam in its passage through the five stages of a 
large Curtis turbine operating at 29 inches vacuum. 
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TABLE OF THE VOLUME OF A POUND (SPECIFIC VOLUME) 
OF* DRY SATURATED STEAM AT HIGH VACUUMS. 


Vacuum, Inches. Volume, Cubic Feet. 
29 665* 
28 342 
26 176 


* Ratio of the yolume at 28 inches vacuum to that at 26 inches is 1.94, and the ratio of volumes 
at 29 inches vacuum and at 28 inches is 1.95. 


It may be stated then that the capacity of the condensing 
equipment for a turbine operating at 29 inches vacuum must be 
practically four times as large as it would be for one exhausting 
at about 26 inches vacuum. Or, in other words, the volume of 
a pound of steam at the exhaust is 166 cubic feet larger at 28 
inches vacuum than at 26 inches, but that at 29 inches it is 323 
cubic feet larger than at 28 inches. Now if as has been stated 
the cost of the condensing equipment is $4000 more for a 2000- 
kilowatt unit when 28 inches vacuum is substituted for 26 inches, 
the increased cost is obviously much greater when 29 inches 
vacuum is compared with 28 inches. 

For turbines of which the steam consumption is not reduced 
very much more per inch of vacuum between 28 and 29 inches 
than between 26 and 28 inches, in a comparison of the economic 
operation at 29 inches vacuum with 28 inches there is a large 
increased capital cost for condensing equipment which is not 
offset by a proportionate reduction of the steam consumption, 
and there are probably comparatively few places — unusually 
located as regards low elevation, low temperatures, large capacity, 
expensive fuel, or high load factor — where an installation for 
operation at an average vacuum of 29 inches is profitable. 

The percentage change in the steam consumption is approxi- 
rately the same at light (“fractional”) loads as at full load (see 
page 166). Now because the steam consumption per kilowatt- 
hour is greater at light loads, the change in steam consumption 
per kilowatt-hour is therefore also greater at light loads than at 
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full load. Ordinarily this fact is stated by saying that a change 
in vacuum has a greater “‘effect” at light than at full load, and 
that the effect is more marked at high than at low vacuums. 
The effect of vacuum on the steam consumption of any impulse 


per Inch Increase in Vacuum 


Percentage Decrease in Steam Consumption 


OF REE HET Sr et) SSS 16 28 ele ee ee ees 
Vacuum in Inches of Mercury 


Fic. 190. Percentage Curve of the Effect of Vacuum on the Steam Consumption 
of a Single-Stage Impulse Turbine. 


turbines of the single-stage type is probably shown very accurately 
by Fig. 190 (reproduced from Fig. 88).* 


* In the catalogs of the General Electric Company it is stated that a curve like 
Fig. 127 is typical for most Curtis turbines. Actually, however, a curve like 
Fig. 78 is more accurate. Emmett has stated recently in a published communi- 
cation that ‘‘around 27 inches the change in economy per inch is 6.6 per cent.; 
28 inches 7.8 per cent.; and 29 inches 9.5 per cent.” 

Parsons states in a paper read before the Institution of Electrical Engineers in 
1904 that in a turbine “‘the benefit derived from a good vacuum is much more than 
in a reciprocating engine. Every inch of vacuum between 23 and 28 inches affects 
the steam consumption on an average about 3 per cent. in a 100-kilowatt; 4 per cent. 
in a 500-kilowatt; and 5 per cent. in a 1500-kilowatt turbine, the effect being more at 
high vacuum and less at low.”’ It seems very doubtful to the author whether, in 
general, vacuum corrections can be classified according to the size of the turbine. 
There are some very large turbines of the Parsons type of which the vacuum 
correction is less than 4 per cent. per inch of vacuum. 
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The variation of the steam consumption of a 500-kilowatt 
Westinghouse-Parsons turbine for vacuums from 25 to 29 inches 


Fic. 191. Curves of Steam Consumption of a 500-Kilowatt Westinghouse-Parsons 
Turbine for 25, 26, 27, 28, and 29 Inches Vacuum. 


from light loads to overloads is illustrated by the curves in Fig. 191. 
What might be called a curve of normal vacuum correction 
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factors for comparing those of 26, 27 and 29 inches with 28 inches 
in Westinghouse turbines is given in Fig. 192. 

Chilton,* after stating that the impression is no longer so 
common that a high vacuum is necessary to secure good results 
with steam turbines, says that the difference in economy of Allis- 
Chalmers-Parsons turbines betweer 24 and 27 inches vacuum 
is 5 per cent. per inch. Between 27 and 28 inches the saving is 
6 per cent., and between 28 and 2g inches is 7 per cent. 


Fic. 192. Vacuum Correction Factors for Westinghouse Single-Flow Turbines. 


An idea of the relative quantity of condensing water required 
for different vacuums may be gained by comparing that required 
for the usual operating vacuums. For example, with injection 
water of 70 degrees F., the usual temperature upon which con- 
denser guarantees are based, it is customary to estimate that 
to obtain a vacuum of 27 inches about 36 pounds of water will be 
used for each pound of steam condensed, and about 1.4 times this 
quantity is required for a vacuum of 28 inches. With injection 
water at 60 degrees F., which may be considered the winter tem- 
perature, the quantities required for the foregoing vacuums are 


* Street Railway Journal, Oct. 19, 1907. 


STEAM TURBINE ECONOMICS Shy 


approximately 28 and 34 pounds respectively. Having the quan- 
tity of condensing water required, the cost of fuel, and cost of 
water delivered to the condenser, the vacuum best suited to the 
conditions under consideration may be readily determined. Theo- 
retically, the effect upon the turbine of reducing the vacuum 
below that for which it is designed, is to reduce the capacity and 
to lower the rating at which maximum economy is obtained. 

The following table * illustrates the percentage gain in economy 
per inch of vacuum for various vacuums. The close agreement 
between the actual results and the theoretical values should be 
observed. The table applies, however, only to turbines using 
very high steam pressures and superheats. For “ land ” turbine 
practice it is serviceable only for comparison. 


Gain in Per Cent. 


Inches of Vacuum. 


28 27 26 25 
AGU EIS oie ee rae eiaites Suerene ais Sip eecat sca a el orietsl ad pies Sail 4.8 ALO Ae2 
IPSS. BAS oo ho ROO NS CO RGD EURO OOD A tu ab Oe Our Onlmn ons 3.0 
Westinghouse Parsons ii ierassr suerte pets te tata: Sail Bas BOG) Basly 
MH EOrEetiCal prratiaee ee oteensaaorn es aoe sais see 5.2 4-4 3-7 3.0 


Effect of Superheating on Economy. ‘The effect of superheat 
on the economy of De Laval and Parsons turbines is usually 
stated to be 10 per cent. per 1oo degrees F. superheat. This 
statement is probably very nearly correct for the usual ranges of 
superheat in practice and is the usual correction employed by 
most consulting engineers for correcting steam turbine tests T up 
to about 150 degrees F. superheat. 

Some investigations made by Professor Hobart show that the 
mean superheat correction for Parsons turbines is almost exactly 

* Mechanical Engineer, vol. XIX, No. 8. 

+ The superheat corrections used by the engineers of the Westinghouse Com- 


panies, by Dean & Main, and by Parsons, are all approximately 10 per cent. per 
100 degrees F. superheat. 
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Io per cent. per 100 degrees superheat for all superheats from 
o to 100 degrees F. Between roo and 150 degrees superheat it 
is approximately 8 per cent., and between 150 and 250 degrees 
is about 6 per cent. It is the opinion of the author that the 
results of this investigation can be considered quite accurate, as 
a large number of tests were compared. A curve showing 
approximately the same sort of variation in the superheat correc- 
tion of De Laval turbines is given in Fig. 87. Chilton states that 
tests of Allis-Chalmers-Parsons turbines show that the “incre- 
ment of saving becomes smaller as the superheat is increased’’; 
adding that for 50 degrees F. superheat the steam consumption 
is reduced 7 per cent. (at the rate of 14 per cent. per 100 degrees) ; 
for 100 degrees 10 per cent; and for 150 degrees 12.5 per cent. 
(at the rate of a little more than 8 per cent. per 100 degrees). 

According to Kruesi of the General Electric Company toc 
degrees F. superheat reduces the steam consumption of Curtis 
turbines 8 per cent., but “the first 50 degrees of superheat is of 
greater value than the second 50 degrees. ’’* 

When steam at about 150 pounds per square inch gauge 
pressure is superheated 100 degrees F. the total heat of the 
steam is increased about 4.8 per cent. with an additional fuel 
expenditure of approximately 6 per cent. if the boiler equipment 
is good. Now since the steam consumption is reduced from 8 to 
ro per cent. for roo degrees F. superheat there is obviously a 
saving of from 2 to 4 per cent. in the cost of fuel. 

Experience seems to show that the best economic results will 
be obtained with from roo to 150 degrees F. superheat for tur- 
bines of the Parsons type, and about 50 degrees superheat for 
Curtis turbines of more than one stage. In all kinds of turbines 
of the single-stage impulse type there is probably always a saving 

* Because curves of steam consumption per kilowatt-hour for varying super- 
heats (like Fig. 126) were apparently straight lines, most turbine engineers, until 
very recently, believed that at high superheats the percentage correction was 
increased instead of being reduced as more recent results show. Since it has 
been fairly well established that the specific heat of superheated steam has very low 


and minimum values at from about 200 to 250 degrees F. superheat, the later 
results seem to be the more reasonable. 
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of from 4 to 5 per cent. in fuel cost per too degrees F. superheat 
within the practicable limits of superheating. 

Although there is much yet to be determined concerning 
superheated steam, it has been shown by experience in turbine 
plants that a considerable saving in fuel can be secured by super- 
heating the steam at least a moderate amount. The greater 
saving in turbines of the Parsons type over multi-stage Curtis 
turbines is due to the larger “skin-friction” or disk and blade 
rotation losses of the large number of rows of blades in Parsons 
turbines. The curves in Fig. 69 show the very large percentage 
that these losses are reduced when the blades revolve in dry 
steam instead of wet steam. When the admission steam to a 
Parsons turbine is dry saturated the steam in the low-pressure 
stages will probably have nearly 20 per cert. of moisture, while 
if it is superheated 150 to 200 degrees F. the steam in these stages 
will be nearly dry. 

Finally, the use of a high degree of superheat must depend not 
only on the type of turbine, the load factor, and the size of the 
units but also upon the nature of the service as regards severe 
and frequent variations in the load, having in mind the difficulties 
which have been encountered in the practical operation of super- 
heaters, steam piping, valves, pumps, and auxiliary machinery. 

Reasons for the Improved Economy in Turbines and Recipro- 
cating Engines Due to Superheated Steam. A gain in steam and 
fuel economy results from the use of superheated steam in either 
turbines or reciprocating engines. In the turbine the gain comes 
principally from the reduced fluid friction of the steam moving 
at a high velocity through passages and blades, some of which 
have also a comparatively high velocity. In a reciprocating 
engine the gain from superheated steam is due to the reduction of 
cylinder condensation, resulting in less loss due to the cooling of 
the cylinder from the reévaporation of moisture at the lower 
pressures near the end of the stroke._On account of this cooling 

of the cylinder ends, the loss due to the “initial condensation” 
of the steam admitted on the return stroke is often 4o to 50 per 
cent. of the weight of steam admitted. This loss is partly or 


378 THE STEAM TURBINE 


entirely prevented when the steam is-superheated, depending 
upon the degree of superheat. In a steam turbine there is a 
similar loss due to condensation, but it is due almost entirely to 
the mere expansion of the steam. The walls of the turbine 
casing remain, however, at a practically uniform temperature, so 
that there is no opportunity for loss through reévaporation of 
condensed steam. 

Steam Pressure Best Suited to Turbines. Probably the 
most suitable operating pressure for most power plants is about 
150 pounds per square inch gauge pressure (165 absolute) at 
the throttle valve, and at least in plants of moderate size, a 
greater saving can be obtained by the use of a moderate amount 
of superheat than by increasing the pressure beyond this point. 
In large plants steam pressures of from 250 to 350 pounds per 
square inch are not now unusual. 

Chilton states that there is a gain of 2 per cent. in steam 
consumption from increasing the steam pressure from 150 to 
250 pounds per square inch.* Against the saving in steam 
consumption must be charged the increased cost of piping, 
valves, and boilers, and also the loss due to increased leakage 
and steam friction on the blades. Increasing the steam pressure 
will also increase considerably the cost of the turbine. A 
“rough and ready” correction used a great deal by turbine 
engineers is one-tenth per cent. reduction of the coal bill for 
each pound per square inch increase in steam pressure. 

Speed Variation as it Affects Economy. A steam turbine will 
give its best economy at some particular speed, just as it has been 
found to give its best economy at some definite load. For this 
reason the design of a turbine should be worked out very carefully 
- with velocity diagrams to determine whether at the speed required 
by the operating conditions it will give the best economy. When- 
ever any changes are made in the design of a turbine, the man- 
ufacturers will always make tests to determine the steam con- 

* The engineers of the Westinghouse and General Electric companies use prac- 
tically the same correction for initial pressure. It may be added that the cor- 


rection for exhaust pressure (back pressure) of non-condensing turbines is about 
ten times as large as the correction for initial pressure. 


STEAM TURBINE ECONOMICS 379 


sumption at various speeds, and curves like those shown in Fig. 80 
are calculated and plotted. If it is found that the turbine has a 
lower steam consumption at a slightly different speed from that 
for which it is rated, either the angles of the blades or the pres- 
sures should be changed. The reasons for such changes are 
obvious, since the blade speed has a very definite relation to 
velocity of the steam in the blades. If the designer is not suc- 
cessful in securing this relation for the rated speed, there will be 
impact of the steam against the blades and a consequent loss of 
efficiency. 

The curve of steam consumption in Fig. 80 shows the change 
in economy at various speeds. At 2000 revolutions per minute 
the steam consumption is 19.6 pounds per kilowatt-hour; at 
1800 revolutions (rated speed) it is 19.45 pounds; at 1600 
revolutions, about 19.8 pounds; at 1400 revolutions, about 20.7 
pounds; and at 1ooo revolutions, about 24.7 pounds. It will be 
observed in these curves that the ideal conditions have been 
secured in the design of this turbine; that is, the steam consump- 
tion is lowest and the output (load) greatest at the rated speed. 
Within a range of about 50 revolutions above or below the rating 
(a total variation of about 6 per cent.) the steam consumption 
is practically constant. These curves are typical for all good 
designs of steam turbines. 

When a speed test is made of an impulse turbine the best 
results are obtained as regards the accuracy of the design by 
running the turbine with a number of nozzles wide open to give 
approximately full load at the designated speed. The test for 
each speed can then be made of comparatively short duration, 
as the steam can be weighed continuously between the first and 
last tests without interruption when the speed is being changed 
and the corresponding load or output measured. With a con- 
stant number of nozzles discharging steam the rate of flow will 
be the same at all speeds. 

Comparative Economy of Steam Turbines and Reciprocating 
Engines. To summarize the results of tests on a number of 
large steam turbines and reciprocating engines the following 
tables have been prepared. Steam consumption of most of the 
turbine tests was given in the published data in terms of kilowatt- 
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hours or electrical horsepower-hours. In order to make com- 
parisons with the reciprocating engine it was necessary to reduce 
all to a common standard — brake horsepower-hour. ‘To express 
all the results in this common standard various efficiencies must 
be assumed. In the calculations the generator efficiencies given 
on page 489 were used to obtain the following coefficients to 
change the steam consumptions from the rate per kilowatt-hour 
to that per brake horsepower-hour: 


Rating of Turbine, : 
: Coefficient. 

Kilowatts. hiss 

300 and 400 68 

poe “71 

1,000 to 3,000 ah F3 

5,000 to 10,000 -73 


Mechanical efficiency of reciprocating engines of 3000 to 5000 
horsepower is about gi per cent.; 1000 horsepower, about go per 
cent.; and 4oo to 700 horsepower, about 89 per cent. 

In the following tables are given the steam consumptions of a 
large number of steam turbines and some particularly good 
reciprocating engines. A great many of the steam turbine tests 
given are approximately the full load data taken from the tests 
recorded at the end of the preceding chapter, and some others are 
taken from Chapter VI. 

The ratings given in the tables are those for what is generally 
known by engineers as “‘full load;’”? meaning that the turbine 
can carry economically a load at least 50 per cent. larger than 
this rating. This statement is necessary because Some manu- 
facturers use a rating based on maximum output. 

Assuming average values of the corrections given above by 
various authorities, an approximate equivalent steam consumption 
has been calculated for each engine at o degrees F. superheat, 
28 inches vacuum, and 165 pounds per square inch absolute 
steam pressure. 
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STEAM CONSUMPTION OF TURBINES. 


A= American, E = English, F = French, G = German, S = Swiss, and W-P = Westinghouse- 
Parsons. 


Conditions of Test. 


Steam per Hour 


Turbine. Fated 
ower 
Super- 
heat, 
Deg. F 
hp. 
De Laval (G).... 30 ° 
De Laval (G).... 150 ° 
De Laval (A).... 300 ° 
Parsons (E) = 
arsons Segeiete 300 ° 
WEP ICA): Soar e : 300 5 
WEP CA) ore cs 300 100 
hp 
Zoelly (G)... 500 107 
kw 
WEPICA) irelelecews 500 I 
Curtis (A). ies 500 290 
Curtis: CB): ...6< 500 104 
Rateau (F)....... 500 ° 
WEP ANF ke oe 1000 ° 
Rateau (S)is. 0... 1000 10 
Parsons (S)......] 1200 468 
Parsons (2). 2 se 1500 I25 
Curtis (A); ......| 2000 207 
Parsons (G)...... 3000 235 
Curtis (A)... 5000 142 
WEP (A) eee secs 7500 096 
Curtis (A). 9000 116 


Vacuum | Pressure 
Inches. 


Aw WONN 00020 0 & 


Steam 


Lbs. 


b 
Abs. 


100 


II4 
206 


158 
160 
168 


201 


164 
165 
168 
136 
163 
179 
178 
144 
181 
139 
189 
193 
104 


r.p.m. 


3000 
3600 
3600 


3600 
1800 
1800 
2400 
1800 


a ay 


1350 
75° 
75° 
75° 


as per Test. 
Pounds ee 
er k 
Lae aaa chp. 
39. 6 
17. 70 
15. 27 
23.05 15.70 
SUH Oe IOLS) 
12. 48 
18. 82 13. 37 
eitoneter stots 13. 28 
I5.10 Io. 71 
20. 5 14.55 
21.2 15.05 
09 Cue Sub 13. 61 
21.098 15.80 
15.30 II. 00 
17. 60 12. 67 
15.02 10, 82 
14.74 10. 60 
Tgs2 9. 87 
15.15 II. 03 
13. 00 9-50 
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Equivalent 
Steam per 
b.hp.-hr. at 
o Degs. 
Sup., 28 ins. 


Additional data from recent tests of steam turbines are given 
in tables I and II, page 363. 

Combined Steam Engine and Low-pressure Steam Turbine. 
The combination units of a large Allis engine with Curtis ex- 
haust steam turbines (see Fig. 181c, page 317), as installed in the 
sgth Street Power Station of the Interborough-Metropolitan 
System in New York, have a rated capacity of 15,000 horsepower 


* Correction curves in Figs.graandg1b were used to correct the De Laval tests for superheat and 
. . . * 
vacuum and the usual correction of .1 per cent. improvement in economy per pound increase ol 


pressure. 


For Parsons and Westinghouse-Parsons turbines the following corrections were used: 
Superheat (300-1000 kw.) ro per cent.; (1200-7500 kw.) 8 per cent. per 100 degrees F. 
Vacuum (300-1000 kw.) 4 per cent.; (1200-7500 kw.) 3 per cent. per inch. 


Pressure .1 per cent. per pound. 


and the following for Curtis, Rateau, and Zoelly turbines: 


Superheat, 8 per cent. per 100 degrees F. 


Vacuum (26-28 ins.) 7 per cent.; (28-29.5 ins.) 8 per cent. per inch. 


Pressure .1 per cent. per pound. 
+ Referred to 30 inches barometer. 


382 THE STEAM TURBINE 


and give a steam consumption of 13.19 pounds per kilowatt- 
hour (about 8.74 pounds per i.h.p.-hour) with steam supplied 
to the engine initially dry saturated (no superheat), 194 pounds 
per square inch absolute pressure and exhausting from the 
turbine at 28.8 inches vacuum, referred to 30 inches barometer. 


STEAM CONSUMPTION OF RECIPROCATING ENGINES SHOWING EXCEPTION- 
ALLY HIGH ECONOMY. 


: Steam per | Equiv. 
; 2 Hour. Steam 
fy < Consump- 
yt = tion per 
3/219 4 b.h.p. at 
Engine. BS 2 4 : r.p.m.| i.h.p. bhp) o Dee. References. 
5 a ee 3 28 Ins. 
213 d a Vac. and 
a! 318 E 165 Lbs 
2 g 3 3 Abs. Pres- 
o|s a = sure. 
Glial a 
| 
Rockwood-Wheelock ..| 595] 0 |25.4| 174 | 76.4 |13.00 | 14.61) 14.62 | F. W. Dean, Trans. 
| | A.S.M.E., 1895. 
McIntosh & Seymour .}1076) 20 |27.1) 138 99.6 |12.76 | 14.19 13.89 F. W. Dean, Trans. 
| A.S.M.E., 1898. 
Leavitt Pumping En- | 576) 0 |27.3) 101 51.6 |11.20 | 12.59} 13.03 E. F. Miller, Tech- 
gine. nology Quarterly, 
Dee Jacob 
Rice & Sargent 420|297 |25.8] 157 |t102 9.56 | 10.75 13.39 ; i acobus, 
(Phila.). ? Trans. A.S.M.E., 
1904. 
Westinghouse (verti- |5400) 0 |27.3) 200 76 II.93 | 13.12 13.76 Eng. Record, May 
cal). 28, 1904. 
Kerchoveivnc cor sntinden 3600) 308 |27.6| 146.5] 86 II.78 | 12.95 13.58 | Von der Kerchove. 
McIntosh i& ‘Seymour |2000!'"92 |25-5| p7r Imoo ArT OS 750.) Ao. anew: fiewteere coc eee een 
(Boston). 
Allis-Chalmers (New |7500} 0 |25.1} 190 | 80 SLOG Devi ook excechaba tran Renee caus 
ork). 
Moabit (Berlin)....... 2500/ 223 |28.1| 203 | 85 BOO cen. NY ASE Ns aoe ertewten ee 
Erie-Lentz (simple en- | 282/141 | 0 156 |208 EGCONT he. hc eae e kee J. A. Moyer in 
gine). Power, 1912. 
Buckeye (compound | 142/256 |27.2| 196 |1905 9:65 |50.82T]'..ces ce Power, 1912. 
engine). 


Effect of Superheat, Vacuum, and Admission Pressure on the 
Economy of Reciprocating Engines. According to Professor 
Schroeter* the steam consumption of reciprocating steam 
engines is reduced about 6 per cent. for 50 degrees F. and about 
g per cent. for too degrees F. of superheat. Parsons tf has 
shown that in a triple-expansion engine the steam consumption 
can be reduced only .4 per cent. per inch with an increase of 


* Storm Bull., Journal of Western Society of Engineers, December, 1903. 


t Proc. Inst. of Naval Architects, April, 1908; Mechanical Engineer, May 1, 1908, 
and Die Turbine, July, 1905. 


t Probably World’s records for steam engines. 
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vacuum between the limits of 25 and 28 inches, and at a still 
higher vacuum there is practically no gain at all. Increased 
initial steam pressure reduces the steam consumption of recip- 
rocating engines .1 to .2 per cent. per pound per square inch. 
A comparison of the two tables shows that in large capacities 
steam turbines will give, for the same standard conditions, 
better economy than reciprocating engines.* It is shown that 
for sizes from 3000 to gooo kilowatts the steam consumption of 
turbines is about 12 pounds per brake horsepower-hour at the 
assumed standard conditions of o degrees superheat, 28 inches 
vacuum, and 165 pounds per square inch absolute pressure; and 
that, operating at the same conditions, the steam consumption 
of the best designs of reciprocating engines is about 13 pounds. 
Economy of Small Reciprocating Engines and Turbines. 
Nearly all small high-speed reciprocating engines rapidly deteri- 
orate in economy, primarily because the valve leakage becomes 
excessive. Although an engine of this kind will meet the guar- 
antees of steam consumption in a shop test, it has been shown 
that very soon they require a much larger amount of steam.f 
Tests of seven high-speed engines of various types rated at 100 
to 200 horsepower conducted by Dean and Wood in 1907 show 
that the steam consumption of such engines after a comparatively 
short duration of service was found to vary from 49.4 to 60.5 
pounds per kilowatt-hour at full load. These rates are very high 
when compared with the economy of small De Laval and Curtis 
turbines as given in Figs.grcand 128. Parsons stated in 1904 
that the full-load steam consumption of turbine-generators of his 
design under the conditions of 100 degrees F. superheat, 27 inches 
vacuum, and 155 pounds per square inch absolute steam pres- 
sure was approximately 25 pounds per kilowatt-hour for one of 
100 kilowatts capacity, while that of the 200 and 500 kilowatt sizes 
* It must not, however, be overlooked that these standard conditions were 


selected in the first place for comparing the economy of steam turbines. It happens 
that the vacuum is taken a little higher than is usual in the operation of reciprocat- 
ing engines. 

+ “Economy Tests of High Speed Engines,” by F. W. Dean and A. C. Wood, 
Proc. American Soc. Mech. Engineers, vol. 27. 
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was respectively 22 and 20 pounds. He stated that the equiva- 
lent results with dry saturated steam and 28 inches vacuum 
would be about ten per cent. larger.* 

It has been shown by repeated tests that the steam consump- 
tion of these turbines is not materially increased when operated 
continuously for long periods. Weithammer f states that he 
made tests of a De Laval turbine-generator when new and after 
five years of service, and calculated the deterioration in economy 
to be not more than two per cent.; and this lower efficiency was 
probably largely due to wear of the reduction gears. It would 
appear that the deterioration of Curtis turbines should be even 
less because of less erosion from steam at very high velocities 
and the absence of the reduction gears. It is stated that there 
are cases where De Laval blades have been so much worn as to 
require replacing in a year.{ Such an experience is, however, 
unusual. 


POWER PLANT ECONOMICS. 


The following table prepared by Mr. H. G. Stott of New York 
is interesting in many of its items. Actual data were used to 
determine the values under the heads of ‘‘Maintenance”’ and 
“Operation.”” The first column is for a plant with compound 
condensing reciprocating engines operating without superheat, 
and in all cases the values have been suitably corrected to make 
the other columns directly comparable with the first. 

Mr. Stott advocates the use of an exhaust steam turbine to be 
operated by the exhaust steam from reciprocating engines. By 
increasing the pressure of the steam supplied a moderate amount 
as well as superheating it the output of a power plant of the type 
represented by the first column in the table can be doubled at a 
comparatively small cost for turbines and boilers. 


* Trans. Inst. of Electrical Engineers, vol. XXIII. 
{ Die Dampfturbinen, page 104. 
{ Lea and Meden, Transactions American Soc. Mechanical Engineers, vol. 25. 
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DISTRIBUTION OF MAINTENANCE AND OPERATION. 
(Charges per Kilowatt-Hour.) 


Recipro- 
cating Gas 
Recipro- St Bag Gas Engines 
. eam ngines . 
cating Turbi 4 Engine and 
EB . ; urbines,. an 1 Ste 
ngines Seay Plant. t am 
Turbines. Turbines 
Maintenance. 
1. Engine room, mechanical... . Doshi) Cpt TSA: Dea] 1.54 
2. Boiler room or producer room 4.61 4.30 Bis als Tees 95 
3. Coal and ash handling appa- 
PAAR yo oes sim ichtee ecole sehen sks 0.58 0.54 0.44 0.29 0.29 
4. Electrical apparatus........ Ti D2 eel Dene 1.12 Poe 
Operation. 
5. Coal and ash handling labor.. 2420 Qate 1.74 83033 ie, 1683 
6. Removal of ashes.......... 1.06 | 0.94 0.80 On535 | Oase 
We IGEK TENLALS No vc ator see eae 0.74 0.74 0.74 0.74 0.74 
8a Boiler room, labors... J... - Gast || “alors 5-46 £270) |e 3nOs 
9g. Boiler room, oil, waste, etc... 0.17 0.17 0.17 0.17 Only, 
TOV C OBL 05 ae suelo cS eieiotslars asco? 61.30 | 57.30 | 46.87 20.30) 250771 
Te MON VALE olor asaya Weestis svete ev ysaue, sper Vial aay aLO 5.46 3.57 2.14 
12. Engine room, “ mechanical” 
labore tices octets s- 6.71 1.35 4.03 6.72 || 4.03 
ES LUBrICATONI 24. cc corcces seis: MeFi |) Wee I.O1 Raye || tee 
Ace WVAStO CLE :.. 1 mete eis yoo) cesar O.30 0.30 0.30 0.30 0.30 
Eos ICCtEIC 7 labOt sen. on Se BER Dawe 252 Zh 22152 
Relative cost of maintenance an 
OPeratiOne ceri ee Serre FOO700! |/'805,03 8 | 7572 50.67 | 46.32 
Relative investment in per cent....] 100.00 | 82.50 | 77.00 | 100.00 } 91.20 


That the steam turbine plant has an inherent economy of 20 
per cent. better than the best type of reciprocating engine installa- 
tion is shown by a comparison of the first and second columns. 

Prices of Steam Turbines. Fig. 193 shows by means of curves 
the price per kilowatt of the normal full load rating of turbine- 
generators operating condensing. The prices given are the 
averages of those given by a number of manufacturers at a time 
when the cost of foundry pig iron was about $30 per ton. It is 
estimated that the values given by the curves will be changed 
roughly about 2 per cent. for a variation of $1 in the price of 
foundry pig iron. 

Unless some such standard of values is given such results can 
be of little value a very short time after the curves are prepared. 


386 THE STEAM TURBINE 


Non-condensing turbines cost about 5 per cent. less than con- 
densing machines. Prices of 25-cycle and 60-cycle generators 
are usually about the same. Prices do not include charges for 
freight and erection, which in the eastern and middle western 
states are about $1 to $1.50 per kilowatt. 


Dollars 


Cost Per Kw. 


50 100 150 «200 250—s« 300 
1,000 2,000 3,000 4,000 5,000 «6,000 
Rated Full Load Kw. 


Fic. 193. Curves of the Approximate Price of Steam Turbine-Generators per 
Kilowatt of the Rated Full Load Output of the Generator. 


Mr. W. C. Gottshall, who has very carefully investigated power 
plant economics, has collected the data on the following page, 
regarding the probable maximum and minimum costs per rated 
kilowatt installed of a power plant equipment of about 10,000 
kilowatts capacity. 

High-grade power stations of from 5000 to 10,000 kilowatts 
capacity with thoroughly modern equipments cost usually from 
$100 to $150 per kilowatt. In a few very large stations with 
high-grade equipment the cost has been about $120 per kilowatt 
installed; but for stations under 10,000 kilowatts’ capacity the 
cost is rarely below $90 per kilowatt. 

A building of modern factory type of construction (one story 
— steel and glass) costs about $2 per square foot of floor space. 
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COST OF A STEAM POWER HOUSE AND EQUIPMENT. 


Costs per Rated Kilowatt 


Installed. 
Maximum, Minimum. 
Boers ana settingGrey eer eave bee Sire $17.00 $9.00 
SWRA Sohn bo cdo UaOe comonoposoadghontusonoods aad 5.00 2.50 
HICONOMUZE ISthess ioe gehoicin eel hs ces ale ear ek lo 4.50 2.50 
Goaliconveyors and: bunkers... 4.0.0 «fn cee oe 6.00 2.00 
PAS DUCONVEY Oley. Metin iaedrennine ates <element 1.50 1.00 
HipiN Sean GecOVerINe qe ces wrsaems sds ies esa ee ae 12.00 4.00 
Heed=matersheatenc an. ctakind sees Oe IN eee 2.00 1.00 
Keed pumpss.. .. 5: «< SAO Dae eae a Horo ACE core 1.00 1.00 
nsipessOrat lL biMes ieee ey escheat meee oho 32.00 20.00 
CR ENETALOES PO ecyoos Si anette Che eh cee eae eM referee ger ce eR et 21.00 18.00 
Condensersjincluding pumipsip sees eee 10.00 2.00 
Switchboard seiisyajsk cet Oe ant pees pstetattsaake oe 4.00 1.50 
Power-house cables and conduits.................. 6.00 3.00 
Incidentals (as concrete floor and traveling crane)... 3.00 2.00 
Foundations for machinery t..,..-<1e0..050: +4008 oan 3.50 1.50 
Baildingskace cee Nett eyo Rice ee ae 15.00 19.00 
Chimneys sandeiuies.s purscyeeniecttecyes Beeekerepatietenstoreren 2.00 2.00 
Total cost including ro per cent. for engineer- 
ing supervision and contingencies (nearly). . . $158.00 $93.00 


+ The cost of condensers is not included in Gottshall’s data. Prices given here are those given 
by J. R. Bibbins (Report American St. Ry. Association) for a plant operating at 26 inches vacuum. 
He estimates that the cost of a plant for 28 inches vacuum is 60 per cent. greater. Bibbins’ values 
may be tabulated as follows: 


Cost OF CONDENSING PLANT PER RATED KILOwATT. 


Inches Vacuum. 


26 28 20 

Barometric condenser. . 3 $6 to $7.50 $0.50 to $12 $12 to $15 
Surface condenser (including "centrifugal Tift 

pump, air cooler, single-cylinder dry vacuum 

pump, and centrifugal circulating pump).....| $7.50 to $10 $12 to $16 $r5 to $20 
Surface condenser (including wet vacuum pump 

and centrifugal Geena, pup) Weeelelsie voces $7.50 to $10 $12 to $16 $15 to $20 
Ejector condenser. . A Nelesins coat pony itosg2.50 $3 to $4 $4 to $5 


+ Engine and generator foundations cost from $1.00 to $3.50 per kilowatt capacity. Foundations 
for turbine-generators cost as a rule about one-fourth as much, usually 30 to 4o cents per kilowatt 


capacity on fairly good sub-soil. 
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Itemized costs of the 8500-kilowatt power plant of the Fort 
Wayne and Wabash Valley Railway Company at Fort Wayne, 
Ind., are given by Bibbins as follows: 

Substation apparatus and buildings are, of course, not 
included. Drawings and a photograph of this station are shown 
in Figs. 199 and 200. 

The double-deck arrangement and the installation of baro- 
metric condensers designed for a moderate vacuum make the 
first cost of this station very low. 


Dollars per 
Kilowatt. 
Building: Including general concrete and steel work, coal bun- 
ker, smoke flue, condenser pit, coal storage pit, etc........... 10.97 
Boiler plant: Including boilers, superheaters, stokers, piping, 
pumps, heaters, settings, breechings, and tank.............. 13.92 
Generating plant: Including turbines, generators, exciters, cables, 
switchboards, transformers, and ventilating ducts............ 30.55 
Condenser plant: Including condensers, pumps, eee free 
exhausts, water tunnels, and intake screen..............-... 3.98 
Coal handling plant: Including gauntree crane, crusher motors, 
BOON EVACK. ciel vsisria tele sis ee aie slens shee ee ine eke = eee = ee 0.94 
Erection, superintendence, and engineering ................... 5-94 
Total, excluding: property and siding... =. . saah«ss es see ee 66.25 


The costs are based upon the following assumptions: 


: Per Cent. 
(a) #Bond! interest and™taxeswe ns. accom © kite ore oreiscun ee arses ee 7 

(b) Sinking fund, equivalent to 6.43 per cent. depreciation...... .2 
(c)) Total fixed chargeson capital costa. <= 65. ee ee See Tie 


In calculating the cost of an electric power plant it is necessary 
to consider the probable life of the plant, so as to make correct 
yearly reductions for depreciation. Often this is more or less 
of guess-work on the part of the constructor or owner, and for 
this reason the following table is interesting. The figures given 
are those used by two English public corporations, two con- 
sulting engineers, and a series of figures taken from various 
technical publications. Conditions in America are somewhat 
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different from those of Europe and the depreciation is usually 
somewhat greater. 


ESTIMATED YEARS OF LIFE. 


Authority. 

Local Various 

Gov’t es yy Hammond. Snell. Publica- 

Board ouncil. ‘ 

A tions. 

DRE: csi le Sein a teh 30 50 30-60 60 60 
STE ae ae eee I5 20 10-20 20 15 
Leatn Engines. 002,65 ..cs2 15-25 30 20-25 25 20 
Steam turbines®........... 10-20 20 10-20 20 20 
Div naimeSare ses 6 coe: 20 20 25 25 20-25 
Storage batteries.......... =] 20 co Io 10 
siranSLOrimMe;nsa: aes =e 15 20 15 20 20 
Switch boards oe... 25 20 20 20 15 
Electric cables (conductors)|12-15 12-50 30 15-20 12-50 
blectricmeters. Ge camiae. «ac ; 15 Io re) 15 it 
PATO HTS DibSe yimeten Gerri TO allt eteec sive 10 TiC h Veen oe ens 


Depreciation may be roughly determined by summing the 
depreciation on the several parts of the plant as follows: 
building, 3 per cent.; boiler plant and coal-handling apparatus, 
Io per cent.; condensing plant, 6 per cent.; generating plant 
(turbines and generators), 7.5 per cent.; general average, about 
6.5 per cent. 

Comparisons have been made by L. G. French of the cost 
of two sizes of turbine-generators with corresponding recipro- 
cating engine costs. He states that the cost of a 750-kilowatt 
turbine-generator with a surface condenser (operating vacuum 
not given) and including foundations and installation charges 
was $37 per kilowatt. A similar reciprocating engine plant cost 
$40 per kilowatt. A 1500-kilowatt turbine-generator with a 
similar condenser equipment cost $30.20 per kilowatt, including 
foundations and installation, while a reciprocating engine 
equipped similarly cost $32.40 per kilowatt. 


* Orrok of the N. Y. Edison Co. states that the company has had 4o small 
steam turbines of the impulse type in service for five years with practically no 
expense for repairs. 
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It is generally believed by engineers who have done recent 
work in the equipment of large new steam power stations that it 
is not very probable that large reciprocating engines will ever again 
be installed to develop power for electrical distribution. One 
reason is that turbine-driven alternators are particularly adapt- 
able for parallel operation. The low first cost and operating 
expenses of turbine-generator units as well as the saving in the 
cost of foundations and floor space are also very important 
considerations. A manufacturer of very large sizes of both 
steam turbines and reciprocating engines has stated that a large 
power station if equipped with reciprocating engines instead of 
steam turbines would cost at least from 35 to 60 per cent. more 
than a turbine station of the same capacity. 

The following interesting tests of the power required to operate 
the auxiliary machinery * needed for a Curtis turbine were 
reported by the Turbine Committee of the National Electric 
Light Association in 1905. The data apply to the auxiliaries of 


* The quantity of circulating water required for high-vacuum condensing 
plants must be increased from the old standard of from 25 to 30 pounds to from 40 
to 60 pounds of water per pound of steam condensed for moderate temperatures, 
and from 60 to 100 pounds of water per pound of steam when used at the higher 
temperatures common to cooling tower practice. In cases of excessive head or 
quantity of circulating water the bulk of the power required by auxiliaries is due to 
the circulating pump. ‘The range of power for this purpose varies so widely that 
the older method of assuming a given type of plant requiring 5, 10, or 15 per cent. 
of the total steam consumption to drive auxiliaries is entirely in error without an 
accompanying statement defining conditions under which circulating water is 
pumped. The power to drive the air pump is dependent somewhat upon the 
vacuum, but particularly upon the air leakage into the condensing system. It was 
for some time assumed that the work of the air pump corresponded to removing 
the air which entered the boiler in solution in feed-water. As a matter of fact, 
handling the air in solution is the smallest portion of work done by an air pump, the 
leakage through piping, pipe joints, pores of castings, stuffing-boxes, etc., imposing 
the greatest duty, the total quantity of air to be handled ranging from ten or fifteen 
to thirty or forty times the air dissolved in ordinary water. The actual power to 
drive the air pump should in good practice be less than .ooor8 indicated horsepower 
in the air pump cylinder per pound of exhaust steam per hour. As the amount of 
power necessary to drive the air pump is a comparatively small portion of the total 
power for auxiliaries a slight error in this quantity will not largely affect the fina} 
result.”” — C, C. Moore, Journal of Electricity, Power, and Gas, March, IOS. 
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one of the 5000-kilowatt turbine-generators of the Boston Edison 
Company. 


Test r. Test 2. Test 3. 
Kalowatts’on! turbine: . 4.0.5 o<.scc.5 54 Dae 3410. 4758. 
MAEINUII coisa Ast ake cmieretaeeremsre nines 28.4 DBS 28.6 
BS ABGINELED aye lcts -aitiaters a ssw ete ecco astlons & 29.53 20.95 29.96 


Horsepower Used. 


BON Lever aVetexe ls ohUneal oan sy merctn At crams eheac 0.6 1a) 23.7 27.4 
GirciMawns, PUI taste iserenc<kte cin soe 69.1 69.1 69.1 
Diy Vacuum: PUMP. .24cc ese eie oars 24.3 23.2 23.8 
ECP EpeALINy SUMP so ecckeaccneke entre 6.4 5.8 5.6 
Wietvacuum (plump roah.cceeasiee: 8.6 Q.2 9.8 

SOTALST, Vaart os senate ree eet eee 122.32 131 TG a7) 
Per cent. power of auxiliaries to power 

Of CUT piney eens Oe ook etait Beal DAO) 2 
Per cent. water used by auxiliaries to 

that. used by turbine... cc << 8.4 Tad. Sn 


PRACTICAL DESIGNING OF POWER STATIONS. 


Special Fields for Steam Turbines and for Reciprocating Engines. 
Some space will be given here to the economic considerations 
entering into the design of a modern power station intended for 
electric distribution of power. There can be no doubt as to the 
status of the steam turbine in comparison with reciprocating 
engines for the generation of electrical energy. Practically all 
the recently designed power stations for electric services are 
equipped with steam turbine-generators, and in some of the 
older stations built originally for engine-driven units it is not 
unusual to see turbines installed to increase the capacity.* 
There is a marked contrast between a power station equipped 
with reciprocating engines and one that is turbine-driven. The 
large and heavy frames, ponderous moving parts, and the 
large generators of reciprocating engine plants cannot be made 
to compete successfully with the smaller, more compact, and 
cheaper turbine units. But, on the other hand, reciprocating 


* W.C.L. Eglin, Report National Electric Light Association. 


. 
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engines similar to the Corliss type have a field which for a num- 
ber of years probably, the steam turbine cannot enter success- 
fully. For irregular loads, suddenly applied, like those of rolling 


an 


Fic. 195. Comparative Floor Space Required for Vertical Type Curtis Turbines. 


mills and mine hoists the reciprocating engine has advantages 
over the steam turbine, except perhaps when the turbine is used 
in connection with an electric drive. Because reciprocating 
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water pumps and air compressors are more efficient, at least up 
to the present time, than centrifugal pumps and compressors, 
reciprocating engines are invariably installed in waterworks and 
compressing plants. In cotton and woolen mills and shops, 
where the power is transmitted by belts, shafting, and ropes 
instead of by electrical methods, the reciprocating engine because 
of its slower speed is generally preferable. 

Stated in a few words, the steam turbine is unrivaled by steam 
recipracating engines for driving apparatus which can be operated 
efficiently at a high speed so that a direct-connected unit can be 
made. . 

Parallel operation of alternators is greatly facilitated when they 
are driven by turbines rather than by reciprocating engines. There 
are always difficulties when reciprocating motion is to be con- 
verted into synchronous motion. Besides the advantages of a 
uniform turning moment which makes possible such close speed 
regulation that it is possible to operate railway, power, and 
lighting circuits from one turbine, because of its high speed it 
produces a more powerful regulating force without the use of a 
fly-wheel than that of any engine-driven units of the same capacity. 
Where a steam turbine is installed in a plant with piston engines 
or water-wheels its inertia or fly-wheel effect has a steadying 
effect on the whole system. As an example of this inertia effect 
it is stated * that a 3500-kilowatt Curtis turbine and generator 
has at the rated speed (750 r.p.m.) a “storage energy” of 
30,600,000 foot-pounds which is sufficient to enable the machine 
to carry at any load an additional load equal to the full rating 
for about .75 of a second with a drop in speed of only 3 
per cent. and without additional steam. This machine could 
carry a momentary increase of load of half the rating for 1.5 
seconds. 

Floor Space for Power Plants. “ Compactness” expresses well 
the primary requisite for the economical design of modern power 
stations. The small space occupied by a Curtis steam turbine 
compared with that required for a reciprocating (Corliss) engine 


d 


* A. H. Kruesi, Proc. American Street and Interurban Railway Association. 
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of the same capacity is well shown by Fig. 195. Floor space 
occupied by Westinghouse turbine-generators is given by the 
curves in Fig. 196, showing the number of square feet occupied 
per kilowatt or per brake horsepower. Comparisons of the 
space required for power units are of little value, however, unless 
the space for the condensing apparatus and auxiliary machinery 
is also considered. It is probably fair to assume that for the 


Square Feet Floor Space per BHP. or KW 
Westinghouse-Farsons Single Flow Tirbine 
1000-3000 KW Capacity 
Westinghouse Double Flow Tizrbine 
5000-10000 K.W. Capacity 
Over all Dimensions and Rated 
Capacity of Unit Taken. 


00012000 K.W. 


1000 
2000) 
3 
4000) 
5000) 
6000 h 


Fic 196. Floor Space Required for Westinghouse Turbines. 


conditions where a reciprocating engine would be operated at 26 
inches vacuum condensers for a turbine plant would be designed 
for 28 inches vacuum. Now the volume of steam at 26 inches 
vacuum is very nearly half that at 28 inches. When surface 
condensers are used, therefore, the very great increase in the size 
of the condenser equipment for turbine plants is very obvious. 
For this reason there has been a tendency in recent years to 
install barometric or the open type of jet condenser for steam 
turbines. 

A very recent installation of Westinghouse-Parsons turbines, 
barometric condensers, and Stirling boilers is illustrated in 
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Starling Boilers. 


Fic. 197. “Double-Deck” Design of Power House Equipped with Horizontal 
Turbines. 


Fig. 197.* The important features of this design are the placing 
of the turbines above the boilers and condensers, the use of 


* J. R. Bibbins, Trans. Am. Inst. Elect. Eng 
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barometric condensers, and the low total cost of power house and 
equipment. It is probably one of the most compact arrange- 
ments possible in a steam turbine plant consistent with high 
economy in operation. 

In this “double-deck” design the horizontal turbine and 
barometric condensers are at their best advantage as regards 
compactness and efficiency.* The connections between the 
turbines and the condensers are short and direct, which obviates 
the losses occurring where there are bends in these connections, 
and the cost of large exhaust piping is saved. The atmospheric 
relief valve of the turbine is placed between the floor girders, so 
that it was possible to make the distance between the floor level 
and the condenser head only 2.5 feet. For stations not at tide- 
water, turbine plants are usually operated at a moderate vacuum 
of between 27 and 28 inches. Barometric condensers are now 
being made to maintain this vacuum without the use of auxiliary 
dry-air pumps. 

With surface condensers by far the most compact arrangement 
is obtained by installing Curtis vertical turbines with a condenser 
base. By this arrangement a very direct connection between 
the turbine and the condenser is secured; but in places where 
there is likely to be trouble with leaky tubes most engineers will 
prefer a condenser separate from the turbine. 

Drawings showing the cross-section and plan of a design for 
horizontal turbines, Babcock & Wilcox boilers, and barometric 
condensers are shown in Fig. 199. An exterior view of the 
same station showing the coal-handling equipment is illustrated 
by Fig. 200. 

Plan and elevation of a power station with the turbines and 
boilers on approximately the same floor level are represented by 
the drawings in Figs. 201 and 202. The first of these figures is 
particularly interesting because it shows very clearly the arrange- 

* A similar “double-deck” arrangement has been proposed for power plants 
operated by horizontal gas engines and producers. In such a design, where pro- 


ducers, scrubbers, and all auxiliaries are placed on the second floor, it has been © 
shown that the ground-floor area was only 2.25 square feet per kilowatt. 
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ment of the auxiliaries in stations equipped with surface con- 
densers. Fig. 203 is intended to show particularly the piping 
arrangements for a typical power station having the turbines 
and auxiliary equipment in a room adjoining the boiler room. 


ay 


é 


Fic. 200. View of the Power House Shown in Fig. 199. 


OILING SYSTEMS FOR STEAM TURBINES. 


A perfect oiling system is obviously a necessity for any 
machinery operating at a high speed. ‘The efficiency of turbines 
of the Parsons type depends largely on the smallness of the radial 
clearances between the rotor and the casing. Now if there is 
any displacement of the rotor with respect to the casing, caused, 
for example, by the melting of the white metal in one of the main 
bearings, the blading might be entirely torn or “stripped,” and 
the turbine would probably be out of service for several weeks. 
In Curtis turbines with vertical shafts, on the other hand, very 
serious results might occur if the flow of oil to the step bearing 
should be interrupted. 
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Fic. 201. Plan and Elevation of Turbine and Condensing Plant. 
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There are two usual methods of lubrication for steam turbines. 
(1) the central system and (2) the single unit system. 

In the case of the central system an oil tank is placed at a high 
point in the building and the oil flows through pipes by gravity 
to the bearings of the turbine. By means of a “parallel” system 
of piping any number of turbines can be supplied from one oil 
tank. The oil leaving the bearings flows into a suitable filtering 
apparatus provided with coolizg coils from which it is pumped 
back to the main supply tank. ‘The chief objection to this system 
is the danger of a total shut-down of the oiling system caused by 
a poor joint or a broken pipe between the supply tank and the 
turbine bearings. 

The alternate system, in which each turbine has its own oil 
supply and pump, has the advantage in that it assists in reducing 
the risk of a total shut-down of the plant to a minimum, and if 
the oil is spoiled in one turbine, due to being mixed with water 
or being overheated, the entire supply of the station is not 
ruined. 

Until recently nearly all manufacturers of Parsons turbines 
supplied their machines with plunger reciprocating oil pumps. 
In this respect an innovation has been introduced in Westing- 
house turbines by the use of a rotary oil pump shown in Fig. 204. 
In the drawings shown here there are two sectional views of the 
pump. A worm gear on the turbine shaft transmits power to 
the pump by means of the gear wheel 10. The direction of 
rotation of the shaft and of the flow of oil is shown by arrows in 
the sections. The pump cylinder and its rotor are not con- 
centric, and metal strips, backed by springs, are inserted into 
slots in the rotor. These strips are forced out by the springs to 
touch the inside of the pump: cylinder in every position, so as to 
form pockets into which the oil enters on one side and is dis- 
charged from the other side. Similar rotary pumps are very 
generally used for all kinds of engineering services. 

Piping for Superheated Steam. Much of the trouble resulting 
from the use of superheated steam is due not so much to want of | 
strength as to the want of elasticity in the parts affected. These 
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troubles are due particularly to the unceasing variations in 
temperature resulting from fluctuating loads rather than from 
high temperatures. As it is possible for water to exist in the 
liquid state in superheated steam, the variations in temperature 
may produce a spraying of highly heated surfaces, which greatly 
increases these difficulties. Changes in the design of pipe 


Fic. 204. Westinghouse Oil Pump. 


fittings, valves, boilers, and superheaters should be made to 
allow for this abnormal condition. It is desirable to use annealed 
steel castings in place of cast-iron for fittings and valve casings, 
and the use of copper for internal parts of valves and gaskets 
should be avoided. Low velocities in steam piping, which have 
become customary on account of the pulsating flow of recipro- 
cating steam engines, are not suitable for superheated steam. 
Since flexibility is so important a consideration in piping for 


404 THE STEAM TURBINE 


superheated steam, it is necessary to use comparatively small 
sizes of pipes and fittings. 

In Curtis turbines, Kruesi states, a velocity of at least 140 feet 
per second (about 8500 feet per minute) is desirable for dry sat- 
urated steam, Now if the steam is superheated 100 degrees F. 
the volume is increased 15 per cent., but “‘ the velocity in the 
pipes will be substantially the same on account of the reduction 
in the steam consumption of the turbine.” Although this 
statement is not quite accurate because the steam consumption of 
Curtis turbines is usually reduced only 8 to 10 per cent. per 100 
degrees F. superheat, it is an important observation that the size 
of piping should not be increased in proportion to the increase in 
volume of the steam due to superheating. 


CHAPTER XV, 


STRESSES IN RINGS, DRUMS, AND DISKS. 


Design of a Bucket Band or Ring. A ring or band is one of the 
simplest means of fastening together a number of separate pieces 
attached like the blades of a turbine wheel to the circumference 
of a cylindrical surface. Such bands are always made a little 
wider than the blades, especially at the side where the steam 
enters, so that the edges of the blades may not be easily damaged 
in transportation and from insufficient axial clearances when the 
turbine is operated. 

These bands are very serviceable in taking care of loose buckets 
which otherwise would be troublesome. The band serves to 
bind the blades together as a whole, making the blades with weak 
attachments to the wheel as good as the strongest. The band 
assists in making a row of blades of uniform strength.* 

The design of such a ring revolving at high speeds should be 
determined by careful calculations; but the theory underlying 
the design of such a ring serves also for the design of turbine 
drums and disks. 

Centrifugal forces more than any other considerations deter- 
mine the design of a blade ring or band for strength. These 
forces produce, of course, tension and a resulting expansion of the 
ring — both of significant importance. 

The centrifugal force (CF) in any sector (W pounds) of a 

* In a Parsons type it cannot be assumed, however, that because the blades can 
be made stiffer by the use of a band or shroud ring it is possible to reduce radial 
clearances below the normal amount and at the same time reduce leakage around 
the blades. There is reason for believing that radial clearances should be increased 
for satisfactory operation when the “‘band”’ construction is used unless the relative 
expansion of the metals in the ring, blades, drum, and casing is very carefully 
adjusted. 
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freely rotating ring of radius r inches, velocity V feet per second, 
with an angle 0 subtended by the sector, is 


CF = —-, (31) 
z. 


where g is the acceleration due to gravity. 

This centrifugal force tending to expand the ring by increasing 
its circumferential dimensions 
sets up stresses which, for 
the purposes of calculation, 
may be represented by tan- 
gential forces at the ends of 
the sector. These forces are 
necessarily equal for equilib- 
rium and are shown as T and 
T in Fig. 208. If the breadth 
of the sector is represented 
by m inches and the radial 


thickness by n inches, then = = 
the area of the section over . 


which this stress is distributed  *** 7°8- Forces inthe Blade Band 
: : . or Shroud Ring. 
is mn square inches; and if 
S is the unit tensile stress in pounds per square inch, each tan- 
gential force is expressed by 
T = mns. 


This force T on the section is tangential, and since the radial 
centrifugal force (CF) must be equilibrated by an equivalent 
radial force T@ * or for equilibrium 


CF =T@f, 
— =mnSé- 
a 
g I2 


* This relation is obvious from the geometry of the figure. It is, of course, 
not quite accurate, but very nearly correct for small values of 6. 

t It cannot be assumed that at the moment of rupture the stress will be dis- 
tributed between the two sections. The assumption made in the equations is, 
however, very much on the safe side. 
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Now if z is the weight in pounds of a cubic inch of the material 
of the ring, the length of the sector (Fig. 208) is r0 inches; then 


mani aS: 
ei2 
12 zV" 
Si a (32) 


This equation shows that the unit stress in a blade ring or band 
depends only on the weight of the material and on the peripheral 
velocity. The last equation can also be expressed in another 
form, remembering that 

ae 3.1416 aN 
60 X 12 


where d is the diameter in inches to the central line of the ring 
and N is the number of revolutions per minute. Then if we 
make the approximation of x’? = 10, we have 


Ze : 
g X 4320 
= zd’N? 


AGG (33) 


Equations (32) and (33) are generally used for the design of 
shroudings and overhanging rims. When such rings are per- 
forated with small holes for the riveting of blades, bending and 
shear are produced. The stresses due to this bending and 
shear are, however, small and do not in practical cases often 
exceed 400 pounds per square inch. 

Sometimes rings called “segments” (Fig. 115) are put on the 
edge of wheel disks and the blades are attached to them. Ina 
construction of this kind the ring must not only restrain the cen- 
trifugal force due to its own weight, but also part of that from 
the weight of the blades if they are not tightly fitted. 
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If the following symbols are assumed: 

r, = radius to center line of blades, in inches, 

d, = diameter to center line of blades, in inches, 

w =weight of blades in pounds per foot of length of the 
circumference measured to the center line of the 
blade ring, 

r? = length of a short segment of the blade ring to be calcu- 
lated, in inches, 

V, = periphera! velocity of blades, in feet per second, 

W, = weight of the blades, in pounds, of a segment r,f inches 


long or wet pounds, 


then the centrifugal force at the blade ring due to the weight of 
the blades alone is 


c. — WoVo’ _ wr V _ wOVe 
: g to &Ty g 
I2 


Then if T, is the tangential force in the blade ring due to the 
weight of the blades, and 5S, is the corresponding unit tensile 
stress in pounds per square inch, 


C, =1T,?= mnS,@ and 


2 
ae mnS,0, 
2 
Roe 
gmn 
or 
wrdgN? wd,” N’ wd,N’ 


S = = See ee te | fe 
° 518,400 gmn 51,840gmn —_—_1,669,200 mn (34) 


then the total stress S, due to the weight of the ring and of the 
blades is 


za’N? wd7N? 
S, =. + —*r" _, 
139,100 1,669,200 mn 
a2 
Ss; = ————- ig gels he 
: 1,669,200 (2 aos (35) 
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If a blade band or shroud is made in a solid ring and is shrunk 
on the outside of the blades, as is sometimes the case, then the 
elongation of the ring due to the centrifugal stresses must be 
allowed for. In other words, the ring must be made small 
enough so that there will be a tight fit at the highest speed that 
will ever be attained.* 

Design of Drums for the Rotors of Reaction Turbines. The 
blades of steam turbines are, as a rule, fastened to a cylindrical 
drum or to one or more disks. ‘The drum construction is used 
where there is a large number of stages with a small drop of 
pressure between the successive stages and usually comparatively 
low peripheral speeds. ‘Thus the rotor of a Parsons type is 
made up of a number of drums of different diameters, increasing 
in size toward the low-pressure end. The drum diameters are 
determined by the blade speed which is selected by the designer 
to give approximately the best efficiency for the velocity of the 
steam in the stages of each section of the rotor. 

Calculations to determine the thickness of a section of the drum 
are the same in principle as for a blade ring as explained in the 
preceding paragraphs. 

The thickness of the drum shell is most simply determined by 
making calculations in the following order: 

(r) Calculate the stress in the cylindrical shell of the drum 
due to its own weight by equation (33). This stress can be 
determined immediately because it is independent of all dimen- 
sions of the drum except the diameter of the shell at its center 
line. It is assumed, of course, that before the thickness of the 


* If s = elongation per inch of length, 
S = the unit stress lbs. per sq. inch in the ringat the maximum speed 


attained, 
E = modulus of elasticity in lbs. per sq. inch, 
S P ; eT Sa 
then s= iu and the total elongation of circumference is a inches. 


mes inches 


This means then that the circumference of the ring must be made 


smaller than if not subjected to centrifugal stress. A very common construction is, 
however, that of making the ring in segments of about 2 feet in length and riveting 


the blades to these segments. 
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metal for the drum is to be determined, the blades have been 
designed so that their weight can be calculated. 

(2) Allowable unit tensile stress must be determined. In this 
connection the factors to be considered are the qualities of the 
material to be used (see pages 429 and 430) and the grade of work- 
manship that is available. In some shops in Germany where 
very expert workmen can be secured and the material is carefully 
selected and unusually good, a factor of safety as low as three is 
sometimes used. Manufacturers of De Laval turbine wheels 
make the limiting factor from four to five; but for average 
American practice a factor of safety of less than five should not 
be considered. If nickel steel is to be used of which the ultimate 
strength is say 120,000 pounds per square inch, with a factor of 
safety of five, the allowable total stress in the drum shell-would be 
24,000 pounds per square inch. Now if the stress due to its 
own weight, of which the calculation has already been indicated, 
is still represented by the symbol S, and the total stress allowable 
by §,, then the permissible stress resulting from the weight of 
the blades S, is 


S, =S& — S = 24,000 — S. 


(3) The thickness of the drum shell can now be calculated by 
equation (34). Since S, is now determined and dy, N, and w* are 
given by the dimensions required for the design of the blades, 
the thickness n can be easily calculated. 

Equation (34) can be written in the form 


wd,’ N? 
mn =o" _., (36) 
1,669,200 X Sy 
Since the weight of the blades has been calculated for only one 
row, the dimension m is the distance between the center lines of 
successive blade rows on the drum. 


* Blades made of bronze, zinc, copper, or similar alloys weigh about .30 pound 
per cubic inch, and steel weighs .28 pound per cubic inch. 
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Example. The following data regarding the shell of a section 
of a turbine rotor are given by the drawings accompanying the 
blade design. 


Diameter at root of blades (approximately = d)............. 25 inches 
Diameten-atycenter ine of blades*(d;,) aac cc cele dein wee sake ne 30 inches 
RevOIItIONS:- per MIBULE ryt seeagsysin ae neta) nae kis eros 2000 
Weight of blades in one row, per foot (w) ........00+..+-0% 5 pounds 
Weight of a cubic inch of material of shell................. .28 pound 
Distance between center lines of successive rows of blades of 

(HSK b Has eS oi rttyo a Sioa Oa et OLcRae a. Caro Glee uGe a Reen 3 inches 


The stress in the shell (S) due to its own weight, by equation 
(30), is 
Ss - .28(25)” (2000)? 
139,100 
S,) = 24,000 — 5030 = 18,970 pounds per square inch. 
x (20) (2000) = ‘ 
mn = igen WF Bin. .57 square inch. 
But m = 3 inches; then 


= 5030 pounds per square inch. 


n= .57 + 3 =.19 inch. 


The sections of the rotor are usually supported on disks attached 
to the shaft. In another paragraph relating to the design of 
disks, the strength of such forms will be discussed. It should be 
remembered that, compared with impulse turbines, the peripheral 
speed is always kept low.* Drums are almost always used for 
reaction turbines, and separate disks or wheels for impulse 
turbines. 

Fig. 209 is an exact copy of the shop drawing of the rotor of an 
Allis-Chalmers (Parsons type) turbine. It consists of a central 
cylinder upon which rings are fitted as shown. ‘These rings are 
made of steel and are forged as a solid ring. The webs are 
formed by cutting away the superfluous material in the sides 
with a lathe. In this type of rotor the central cylinder must be 
made of sufficient strength to resist the usual torsional stresses 

* The peripheral velocity of drum types should not exceed 400 feet per second. 


Impulse wheels, however, are sometimes designed to operate at 1200 feet per 
second, 
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in a “hollow” shaft. The construction of the drums of typical 
Westinghouse turbines is shown in Figs. 107, 109 and 184. 

In impulse turbines where all the expansion of the steam takes 
place in nozzles placed in diaphragms, or partitions between the 
stages, there is a large drop in pressure between any two stages, 
and therefore leakage of steam between the stages will be much 
greater than with the small pressure drop in the reaction type. 
The fewer number of stages in the impulse turbine necessarily 


Fic. 209. Section of the Rotor of a Parsons Type of Reaction Turbine. 


increases the velocity of the steam passing through the blades 
and at the same time the most economical wheel speed. Within 
practical limits, wheel speed should always be increased with 
steam velocity in good designing. 

Stresses at Right Angles to Each Other. ‘To determine the 
stress in flat disks a refinement in the calculations is sometimes 
necessary in order to obtain more accurate values than those 
secured in the preceding calculations for the stresses in rings and 
drums. If, for example, two forces R and T act at right angles 
to each other, theoretical conditions of elasticity show that the 
maximum stress or elongation is never quite equal to that due 
to either of the two forces if acting alone. In other words, an 
elongation in the direction of the line of action of the force R 
produces a contraction in the direction of the force T.* Thus 

* This phenomenon is easily observed in a piece of india-rubber. A force in 


one direction producing an elongation will produce also a contraction in the 
direction at right angles to the greatest elongation. 
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if the elongation due to the force R is s; per unit of length we have 
the relation 


where S, is the stress in pounds per square inch and E is the 
modulus of elasticity of the material. The reduction (sy) of the 
dimension at right angles or normal to the direction of the force 
producing the elongation is proportional to the force itself and 
also, of course, to the stress. Then 


kS 
Snr = Ks, = R? 
where k is a constant and has the value of .3 for metals of a 
homogeneous structure, such as are usually required for the 
manufacture of machines. 
The force T in the same way produces elongation 


si — 


E 


and a reduction at right angles (s,,) (in direction opposite to the 
elongation due to S,), 


When the two stresses at right angles are nearly equal, as in 
the case of the disk now under consideration, the elongation is, 
from the results above, only .7 of that resulting from either force 

* See Greene’s Structural Mechanics, pages 7 and 184; Church’s Mechanics of 


Engineering, p. 203. 
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acting alone. It follows also that when the stresses are nearly 
equal the stresses which are, of course, proportional to defor- 
mations are also only .7 of that calculated from only one of the 
forces. This effect of forces at right angles to each other will 
be applied in the discussion of the stresses in disks. 

Mathematical Treatment of Stresses in Disks. Fig. 210 shows 
a section of a turbine wheel cut out (1) by two radial planes 
making the angle @ with 
each other, and (2) by the 
cylindrical surfaces with 
radiuses of r andr + dr. 
The two other bounding 
surfaces are the sides of 
the disk. The thicknesses 
of the disk are t at the 
radius r, andt + dt at the 
radius r + dr. 

If this sector is rotated | 
about the center O it 
develops the centrifugal 

Fic, 210, Diagram of Disk Stresses. force (CF). Acting on the 
surfaces of the sector are 

also the forces R and R + dR in the radial direction and the forces 
T, T in tangential directions. The two tangential forces T, T 
form the angle 180 — @ degrees with each other, and their result- 
ant is approximately T? when @ is a small angle. We have, then, 


Forces acting outward = R + dR + CF. 
Forces acting inward =R + T9. 


If we call the unit stress in the radial direction S, and in tan- 
gential direction &, then at a section at radius r (if all the dimen- 
sions are in inches) the following relations result: 


R = ritS,, 
R + dR = ( + dr) (t + dt) (S, + dS,)0, 
4 tdrS,, 


LC tdr0S,. 
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If V is the velocity in inches per second and w is the weight 
of a cubic inch (the specific weight), then the volume of the 
sector is very nearly t@rdr, and 


CF = t0dr a 


For equilibrium, the sum of the forces acting outward equals the 
sum of those acting inward, or 


R+dR + CF =R +79, or 


(r+ dr) (t + dt) (S,+dS,) 0 + ae = r0tS, + tdrS,. 


Dividing through by @ and neglecting infinitesimals of the second 
order, we have 


r(tdS, + S,dt) + tdr (S, — S;) + wee 0. (37) 


This general equation is not suitable for calculations, but by 
assuming conditions of uniform strength or uniform thickness 
the form can be considerably simplified. 

Disk of Uniform Strength. If we assume, then, uniform strength 
in the disk, the stresses throughout are constant, and if S’ is the 
stress at any point, then 


S’=S,=S, = constant value 
and therefore 


dS’ = o, and substituting these values in equation (37) 
rdtS’ + ivr = 0, 
dt | wVdr 
ton esr ” 


2 2 
dt fee - = 0, and by integrating, 


wr 
t —+kK* =o. 
log ha a x + 


* K is a constant of integration. 
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Now whenr =0,t =t,, and K = — log t,, so that 
w wr a 
log t oe ox + (— logt,) =0, 
tN sh PW ok eee wv? * 
log @ ae. a a 2gS” 
t oer 
— =e 229” 
to _ 
t =t,e 28 . (38) 


in which t is the thickness of the required section at the radius r, 
t, is the thickness at the center, and e is the base of Naperian or _ 
natural logarithms which is equal to 2.7183 and log,, e = 0.43429. 
All the symbols in these equations (including 2g = 773 inches) 
are in inch units. 

If t, is the minimum thickness of the disk, then equation (38) 
can be written w(Vi? — V2) 

te te 225°, (39) 
where V, is the peripheral velocity at the radius corresponding 
to t, and V is the velocity corresponding to t as before. 

If the disk is not made of uniform strength throughout, then 
V, is the velocity where the portion designed for uniform strength 
begins. 

Equations (38) and (39) are generally used by the designers 
of impulse turbines, and for 
the conditions of average prac- 
tice they are sufficiently accu- 
Z rate. 

— r gf SES Design of the Rim. An 
Fic. 211. Section of a Turbine Wheel. enlarged section or rim is usu- 

ally required at the circumfer- 
ence of a disk for the attachment of the blades. Stresses in this 
section require careful consideration. 

In Fig. 211, t, is the smallest thickness of the disk where it 
joins the rim (at the radius r,) and t, is the thickness and b, the 


* The change from linear to angular velocity was made to make integration 
simpler, 
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breadth of the rim of which the center of gravity is at the radius 
r,.* Blades attached to the rim produce by the centrifugal force 
due to their weight the stress S, in pounds per square inch. 
Besides this there is exerted on the section of the rim the stress 
due to the centrifugal force of its own weight and also the radial 
stress (S,) in the disk exerted over the thickness t,.- The expan- 
sion due to these forces acting on the rim must, for equilibrium, 
be equal to the expansion of the section of the disk where it joins 
the rim. The sum of the radial forces F, acting on the rim per 


inch of length may be stated then as 
2 
F,= S,t, =f WAS aL bets i ie St, (40) 


28 
in which w is the weight of a cubic inch of the material of the 
rim, V, is the velocity at the radius r, in inches per second. 
Radial expansion of the rim (,) is expressed by the following 
form if a is the area of the rim section in square inches and E 
is the modulus of elasticity in pounds per square inch,{ 


Br 
LG Ta (41) 


* Because the contraction of the cross-section due to stresses at right angles 
(page 412), has been neglected in the derivation, equation (38) should not be used 
for values of allowable unit stress less than 15,000 pounds per square inch, as it gives 
thicknesses at the center, for low stresses, which are sometimes considerably too 
large. Practical designers who are required to use unusually low stresses for disks 
will find a suitable discussion in Jude’s The Theory of the Steam Turbine, pages 
188 to 204. igo 

+ Centrifugal force due to a weight of a cubic inch at 7, is 2, which becomes 


2 gre 
ig he ZL when multiplied by the area of the rim section, 


gra . . . . 
£ It is easily shown that the tensile stress in a thin cylinder is 
Ieee 
S = — = sE, 
a 


where s is the elongation per unit of length and a is the area of the section. ‘Then 
the total elongation of the circumference (Ap is 
2 TE py? 
Ea 
and the radial elongation (A) is ho Fer? 


ties 
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Since the radial and tangential stresses in the disk have been 
made equal in the original assumptions, the unit elongations in 
every direction must be equal, so that the linear expansion in the 
length 7 is 


(42) 


where & is the coefficient of the contraction of the cross-section 
for stresses at right angles (see page 413). 

For conditions of equilibrium obviously 2, = A,, and substi- 
tuting equation (40) in (41) and equating to (42) we have 


1? wV,b.,t, (1—k) 
—2_ (St, +--—-2 22 _ §4)— S.r,° 
Eb,t, ( at, + r 1 E T, 


2 


Usually the percentage error from writing 7, for r, is very 
small, so that we have in simpler form, 


wV,’b.,t, 


if 


- (8. ae 64 s.t,) = (1— k)S,r,, 


ae 


from which either b, or t, can be solved. In most cases, how- 
ever, t, is determined by the blade dimensions, so that b, is 
expressed thus: 


s,2 ae 2 ae 
b, pe ee Fete. a (43) 
wal a (1—k)S, oe 9 3, 


In this equation the stresses are in pounds per square inch, 
V, and g are in inches per second, t,, t,, r,;, and b, are in inches. 

Minimum Thickness of the Disk. The thickness of large disks 
at the smallest section is not determined by the allowable stress 
but by the requirements for safe transportation and by the liability 
of thin disks to become distorted and unstable in balance. Disks 
about 5 feet in diameter should have a minimum thickness of 
from .4 to .6 inch, depending on the quality of the material and the 
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speed for which they are to be used; and for disks 10 feet in diam- 
eter the minimum thickness should be from .7 to 1.25 inches.* 

The breadth of the rim (b,) calculated by equation (43) is 
the maximum value allowable, but the breadth can be made, of 
course, less than that calculated. There will be a smaller radial 
force at the rim of the disk than is necessary to produce the uni- 
form radial stress S,, and the disk will not be one of uniform 
strength. The stress at the center will be reduced very much 
less than that at the smallest section. 

If now equation (43) is used to calculate the minimum thickness 
t,, with an assumed value for b, suitable for the design, negative 
values may be obtained. In this case a smaller value of S, 
must be used in the calculation. Limits for §, can be easily 
determined by putting S, = 0 in (43); then 

wV,’ 

g (i— k) 
which is the tangential stress in a freely votating ring or is the 
usual ‘‘fly-wheel”’ formula when k= o. 

Practical Example. Design of the Rim of a Disk Wheel. 
A disk wheel 50 inches in diameter is to be designed for an im- 
pulse turbine to operate at 3000 r.p.m. The minimum thickness 
(t,) is .4 inch, and nickel steel is to be used with an allowable 
stress of 28,000 pounds per square inch, which weighs .28 pound 
per cubic inch (w). Approximately the radius (r,) at the inner 
edge of the rim is 25 inches, so that V is 7860 inches per second 
(about 450 miles per hour). The wheel is to carry two rows 
of blades, so that the thickness of the rim must be made about 
3.5 inches. The weight of these blades is equivalent to a solid 
ring of steel around the rim .3 inch thick.t The weight of the 


5, 


* Minimum thickness for a wheel 3 feet in diameter is about .25 inch. An 
approximate rule for the minimum thickness of disks is 
: émin = .008¢ to .or d, 
where d is the diameter in inches. 
+ Centrifugal force of the blades on a wheel is probably most simply determined 
by this method of calculating from a drawing showing the dimensions of the blades 
the thickness of a solid band or ring of the same weight. 
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blades per square inch of the rim surface is .3 X .28 = .084 
pound, and the stress S, per square inch due to this weight is 
(take g = 386 inches per second) 

.084 ., (7860) : 

S, = —* x — = 538 pounds per square inch. 

386 25 
Substituting these values in (43), 
28,000 X —— 538 

3:5 < 25 = 1.5 inches. 


be = 


28 X (7860)? 
386 
The thickness of the section at the center (t,) is calculated by 


(38), using the same allowable stress as before for S’: 


— .28 (7860)? 
t= te 772 X 28,000 


— .7 X 28,000 


t, (= te" = so, 
t, =.4 X 2.23 = .89 inch. 


The expansion of the radius due to the allowable stresses in the 
disk can be calculated by (42), taking E = 30,000,000 pounds 
per square inch and k =.3, 

1—k 


A, a Snes ST, 


4, = “LK 28,000 X 25 _ 676 inch, 
30,000,0000 
and the expansion of the diameter is .032 inch. 

If reaction turbines are to be operated at higher peripheral 
speeds than 350 feet per second, the stresses due to the cen- 
trifugal forces are too large to use a free drum construction, so 
that the drum must be strengthened with spokes or flat disks. 
It is considered better practice, however, to divide a drum into 
short sections, and calculate each section by the method explained 
here for disk wheels by the use of equations (38) to (42). The 
Allis-Chalmers Company uses this method for the low-pressure 
stages of its latest designs as shown in Fig. 209, although the per- 
ipheral speed of this section of the drum is usually less than 250 
feet per second. 
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Practical Example. Design of a Wheel Disk without a Hole. 
Stresses in disks are difficult because the areas over which the 
forces are distributed are not readily determined; besides, the 
forces are not uniformly distributed over any one of the areas 
to be considered. ‘The stresses in a disk are calculated usually 
by determining the force acting on the “boundary” areas of a 
circular sector imagined cut out of the disk. Such a sector is 
shown in Fig. 212. The radius is r inches, the elementary radial 
thickness is dr, t is the thickness of the sector (measured parallel 


T 


; cE 
<i ae 


Fic. 212. Forces in a Sector of a Wheel Disk. 


to the axis of the shaft), and @ is the angle subtended at the 
center by this sector. The centrifugal forces cause tangential 
and radial stresses. If we imagine the disk made up of a series 
of concentric rings, laid side by side and touching, the tangential 
forces tend to break the rings in the line of the tangent, and the 
purely radial forces, on the other hand, will tend, as it were, to 
break out pieces which would be carried away in a radial 
direction. In Fig. 212 the tangential and radial forces are 
shown more simply than in Fig. 210 in the directions to equili- 
brate the centrifugal force CF. In other words, the tangential 
and radial forces shown are those balancing the centrifugal 
forces. 
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An actual design of a 50-inch plain disk of forged steel without 
a hole at the center for a Riedler-Stumpf turbine is shown in 
Fig. 213, and the following paragraphs show how the calculations 
were made. Diameter of the disk (d,) is 46 inches (measured 
inside the rim, which is 2 inches wide). Smallest section of the 
disk is taken as .5 inch (see page 418). Speed is 4000 revolutions 
per minute. The allowable unit stress is 20,000 pounds per square 
inch, and the disk is designed for uniform strength. Weight of the 
blades is .og pound per inch of the circumference, producing a 
centrifugal force of 1840 pounds per square inch at the smallest 
section of the disk. Now it has been shown* that in a flat disk 
the stress at the edge due to an external centrifugal load (like 
blades and shrouds) is superposable by simple addition to the 
stresses (both radial and tangential) in the disk due to its own 
rotation. 

The rim was calculated as in the previous example, and the 
thickness (t, in Fig. 211) was determined by the width required 
for the blades. From the inner edge of the rim the disk was 
given a constant thickness of .5 inch till the tangential stress 
alone as calculated by equation (33) exceeded the allowable 
limit. + 

* Jude, The Theory of the Steam Turbine, page 108. 

t It will be observed that these approximations are very much on the safe side 
because of the effect of “forces at right angles’? (see page 412). It is probable, 
however, that whatever the form of the disk (if not abnormally irregular), the 
stresses at the center are slightly higher than the peripheral stresses. In case of 
undue racing due to the failure of the governing apparatus or other cause, a disk 
designed for uniform strength will fly to pieces from the center. A De Laval 
wheel without the usual “‘safety groove” near the rim when tested to destruction 
broke up entirely and projected large pieces through a cast-steel casing two inches 
thick. When, however, the customary groove was cut just inside the rim, only 


pieces of the rim were broken off when an excessive speed was reached, and no 
external damage was done. 

It is stated by Jude that the metal left between the “safety grooves” of a De 
Laval wheel is ‘‘only sufficient to carry the traction load of the vanes.” From 
this fact the minimum thickness of De Laval disks can be easily calculated, 
as it is generally stated that the factor of safety at the groove is 5, and the section 
before the groove is cut is two-fifths larger. Allowable unit stress is probably 
taken at about 30,000 pounds per square inch. 
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For some distance from the rim toward the center we have the 
case of a flat disk. Now in a disk of constant thickness without 
a hole at the center both the radial and tangential stresses increase 
from the rim toward the center. At the outer edge of such a disk 
the radial stress is only that due to the cen- a 
trifugal force of the blades and rim, while the [a 
tangential stress is of considerable magni- 
tudeand is always greater than the radial 
stress, except at the center, where they are 
equal.* Because both radial and tangential 
stresses at every section are approximately 
increased 1840 pounds per square inch by the 
centrifugal force due to the blades, the net 
allowable stress is 18,160 pounds per square 
inch. ‘The point where the “increasing” sec- 
tion begins is determined then by the following 
calculations — substituting in equation (33): 
Ae 18,160 X_ 139,100 _ 6 
+" 28 X (4000)? = 
d, = 23.8 inches, or 7, = 11.9 inches. 


Beyond this point toward the center of the 
disk the section has been made of uniform 
strength as calculated by equation (38). The 
calculation of the thickness where the diameter 
is ro inches (r = 5 inches) is given by equa- _» 


tion (39), Fic. 213. Design of a 
28 X 21.2 (10)8 Wheel Disk without 
t = te 723 X 18,160 , a Hole at the Center. 


in which ¢, =.5 inch and e = 2.7183, then, 

t = t,e* 

t =1.56t, =.78 inch. 
In the same way the thickness can be calculated for enough points 
to determine the profile. The section shown in Fig. 213 is a 


* Jude, The Theory of the Steam Turbine, page 200. 
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typical “flat” disk. To facilitate the forging of such disks the 
profile is not made exactly as calculated but is gradually tapering 
from the smallest section to the center. The increase in the 
thickness from the rim to the center is very small compared with 
many designs, approximating a “concavo-convex” form (Fig. 
214). It is argued by some designers that the treatment of the 
“‘concavo-convex”? forms is entirely wrong and that most prob- 
ably it is not possible for the stresses all along the central plane 
to be either equal to or less than those at the rim by merely satis- 
fying equation (38), and that the metal in the bulging part of such 
disks has little influence in modifying the stresses in the central 
plane. Some of the best authorities agree that it seems reason- 
able that whatever the form of the profile of a disk the “stresses 


Fic. 214. Typical Solid Disk without a Hole at the Center. 


in and about the central plane do not differ greatly from those 
in a flat disk running at the same speed.’’* 

A typical solid disk without a hole for bolts or for the passage of 
a shaft through it is shown in Fig. 214. It was designed for a 
very much higher speed than the one in Fig. 213, so that it has 
a bulging from near the center. This design shows an ingenious 
method for the attachment of the body of the disk to the shaft. 
It will be observed that the disk is made with a very small sec- 
tion near the rim, so that the stress there far exceeds that any- 
where else. If the wheel breaks it will rupture first at this 
smallest section and the rim and blades will be torn off. When 
these parts are gone the centrifugal force will be so much reduced 
on the part of the wheel remaining that there can be still a very 


* Jude, The Theory of the Steam Turbine, page 204. 
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‘great increase in speed without further damage. This disk is 
designed for a factor of safety of about five at the smallest section, 
and about seven at every other section. 

In designing a disk for high speeds, obviously a section that 
gives approximately uniform strength from the rim to the center 
is desirable. Experience in such calculations has shown that a 
disk of the shape shown in Fig. 211 fulfills approximately these 
conditions.* This disk was designed for a speed of 20,000 
revolutions per minute. There is a centrifugal force of about 
.2 pound per inch on the outside of the rim, due to the weight of 
the blades which are of the irregular shape shown in Fig. 64. 

Disks with Holes in the Center. Up to this point in the dis- 
cussion of stresses in disks only designs similar to Figs. 213 and 
214, without a hole, have been considered. When, however, a 
hole is made near the center of a disk the stresses are greatly 
increased. There are no very reliable methods for determining 
the stresses in disks of arbitrary shapes with central holes. 
According to De Laval, any methods for “taking into account 
the hub influences in the calculation are only rough approxi- 
mations” to the actual conditions. It can be shown theoretically 
that a mere pin-hole at the center of a disk makes the tan- 
gential stress §, at the hole twice that in a disk without a hole. 
Indeed a small flaw near the center of a disk may seriously 
affect the magnitude of the stresses. For this reason, steel ingots 
with any traces of “piping” must not be used for forged disks 
to be operated at high speeds. For thick disks of the typical 
De Laval shape when perforated, the exact solution is appar- 
ently indeterminate. Methods of calculation for such irregular 
sections have been proposed which depend on the determination 
of the mean stresses of the whole section. Results from such 
methods are, however, of no value at all, as it is known that the 
maximum stresses are often twice the calculated mean stress. 

* Besides blow-holes and piping in ingots for drop forgings, most makers put 


holes into the disks for the attachment of tools for removing the disks from the 
shafts, and for balancing weights. Very few disks are made that do not have some 


holes. 
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The fact remains, however, that disks for turbines are very 
commonly made with holes in the center for the shaft, and other 
holes besides are often made for the attachment of tools for forcing 
the disk from the shaft when the wheel is to be removed. Stress 
distribution near a central hole of a nearly flat disk can be approx- 
imately calculated if a disk of comparatively smaller diameter is 
imagined cut from its center, and this small disk is then assumed 
to be of constant thickness and subjected to a radial stress at its 
rim equal to the uniform 
stress in the large disk if it 
had no hole. The stresses 


& aan in this small disk with the 
3 ah hole can be calculated with 
3 soso some degree of accuracy 
g |g from equation (37) by put- 
Gi topeo-/ ting dt = 0, since t has been 


assumed constant in this 
small disk.* Tangential 
stresses calculated in this 
way for a disk ro inches in 
diameter with a hole 1 inch 


Fic. 215. Variation of Stress in a Disk 
caused by a Hole at the Center. in diameter are shown in 


Fig. 215. Radial stress is, 
of course, zero at the center so that it is not important. The 
large disk (Fig. 213) was designed to make the combined unit 
stress in the section 20,000 pounds per square inch, and it is 
assumed, therefore, that the radial stress on the outside of the 


* Simplified formulas for a disk of constant thickness are given by 

Eyerman, Die Dampfturbine, pages 88-90 ; Stodola, Die Dampfturbinen, pages 
160-161. 

The algebraic work involved in obtaining equations suitable for calculations is 
laborious and complicated. Because these equations are not used directly for other 
calculations they are not given here. This chapter on stresses is not intended to be 
an exhaustive treatment, mathematically, and the practical designer wishing to use 
the minimum factors of safety should carefully study the graphical solutions given 
by Stodola; but he should remember that these methods referred to are only 
approximations and in a great measure are justified only because they have stood 
the test when applied in practice. 
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small disk has this value. The curve shows that the maximum 
stress at the hole is 40,000 pounds per square inch and that the 
stress is rapidly reduced as the distance from the edge of the hole 
increases till it reaches the constant value of 20,000 pounds per 
square inch, for which the wheel disk was designed. It should be 
observed, therefore, that the stress at the edge of a hole at the 
center of a disk is twice that at some distance away from the hole.* 
It should be carefully noted, however, that this discussion applies 
only to holes at the center of a disk. Holes near the rim such 
as are often made for balancing the disk or as a safety device 
so that the rim will break first in case of excessive speed, 
would be allowed for in practice merely by the reduction of the 
section. 

It is, however, a good practice to make the section at the hub 
of a disk with a hole at the center of sufficient size to withstand 
the greatest stress that may come to bear at the normal speed. 
Fig. 216 shows how the disk in Fig. 214 should be modified that 
it may be put on a 4-inch shaft. The thickness (z) of the hub 
will be determined in the usual way as discussed in books on 
machine design. Only its length (t,) concerns this discussion. 
Eyermany and Stodola give elaborate graphic methods for this 
determination, but they will not be taken up here, as they are of 
no general interest. For most practical purposes it is satisfactory 
to make use of the results shown in Fig. 215 and make the length 
of the boss (t,) twice the thickness at the same section for a 
disk without a hole. Instead of reducing the section abruptly 
in proportion to the reduction in the stress the use of a fillet 
(see curve ab in Fig. 216) of very gentle curvature gives by far 
the best construction. 

Because the distribution of stress is changed when a hole is 
made in the center of a flat disk, the section where the radial 

* This has been shown by a mathematical demonstration and the development 
of suitable formulas by Grubler, Zeit. Verein deutscher Ingenieure, vol. XLI, page 


860. 
{ W. Eyerman, Die Dampfturbine, pages 86-98. 
t Stodola, Die Dampfturbinen, 5th edition, page 164. 
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stress equals the allowable limit must be calculated by a different 
method from that used for the disk without a hole at the center. 

To determine, from the general theoretical equations for the 
stresses in disks, the diameter where the radial stress in a flat 
disk with a hole at the center has a definite 
value is very laborious and almost impracti- 
cable; but the following more or less empirical 
formula for the radial stress in a disk of uni- 
form thickness with a hole in the center can 
be used for approximate results. It is practi- 
cally the same as that given by Cree and 
Jude * except that it has been simplified by 
grouping constants and changing the units to 
correspond with those used in the other equa- 
tions in this chapter. 

If S, is the radial stress in the disk in pounds 
per square inch at any diameter d, inches, V is 
the velocity at the periphery of the disk in feet 
per second, D is the diameter of the disk in 
inches, and d is the diameter in inches of a hole 
at the center, then 


go D? 


Dd? 
(p* id? ey oe — (44) 
1 


S, 


Now if this equation is to be solved to deter- -s*-- - 

mine d,, it can be written 
90 D? 0 

a. + ( 4 Vv? S,—D’-<’) d’?— Ye = oO, (45) Fic. 216. Design 

of a Wheel Disk 


. 90 D with a Hol t 
and putting B =( 4V? oy. Dies “’) and the Caen : 
C = D’d’, then 
Heol) cue 
5 : Cc. (46) 


* Jude, The Theory of the Steam Turbine, page 204. 
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This last equation is easily solved after obtaining the values of 
B and C from the dimensions of the disk and the allowable unit 
stress. 

There are two values of d; because in going from the rim 
toward the center the radial stress increases to a maximum 
value and then decreases to zero at the edge of the hole. The 
larger value of di is always taken to determine the design be- 
cause between the two values of d, the radial stress has its 
maximum value. 

In the design for this example for the material used S, = 18,160 
pounds per square inch, D = 46 inches, d = 4 inches, and V = 
500 feet per second. The value of B is then 1358, C is 33,856, 
and d, is calculated to be 36.5 inches. 

The section from the 36.5 inch diameter inward toward the 
center is made of uniform strength and is calculated by the use 
of equation (39) in the same way as in the preceding examples. 

Approximate Methods for Stresses in Disks * with Hole in 
Center for Shaft. Mathematical determination of all the 
stresses requiring consideration in a disk is not possible by any 
method of exact analysis. For a complete determination, tan- 
gential, radial, and axial stresses must be calculated. The prob- 
lem is very much simplified, however, if a portion of a disk is of 
practically constant thickness, as at the hub, so that the axial 
stress there is negligible. For the section of constant thickness 
only tangential and radial stresses need be considered. By the 
methods outlined here and the use of the charts on the follow- 
ing pages, the usual analytical calculations of stresses in disks 
are very much simplified and nine-tenths of the time usually 
required for such calculations is saved. 

The discussion of stresses given here will be applicable to disks 
of the sectional shape shown in Fig. 217 made up of straight and 

* For suggestions in the preparation of this chapter, acknowledgment is due to 
Mr. M. Nusim of Ingersoll-Rand Company and Mr. S. H. Weaver of the General 
Electric Company. The mathematical demonstration is discussed in detail in 
an article in “‘General Electric Review,” August, 1917, and “Proceedings of the 


American Society of Mechanical Engineers,” 1917. The curves are reproduced 
from the article in the “General Electric Review.” 
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curved lines. To regard the curved lines as arcs of circles makes 
the mathematical solution extremely difficult; and instead of 
arcs of circles, the more readily solvable hyperbolic curves will 
be assumed. In fact, there is very little error in assuming for 
the curved lines on disk sections the typical hyperbolic equa- 
tion of the form t = Cr*, where t is the thickness at the radius r 
(both in the same linear units), C is “ dimension ” constant, and 


Fic. 217. Section of Typical Blade Disk. 


a is another constant depending on the shape of the section at 
the point where the stresses are to be determined. The latter 
of these constants has a negative value when the thickness of 
the disk decreases with an increasing radius, has a positive value 
in parts where the thickness and radius increase together, and 
has a zero value for constant thickness. 

For a given section of a disk, as for example, in Fig. 217 
(where the thickness decreases with increasing radius) the con- 
stant a has a negative value to be determined from one of the 
following equations in which r2 is always to be taken for a larger 
radius than r,, and t; is the thickness at the radius r, and t; at 
the radius rz, ‘Then we can write the following equations: * 


ioe 
OBe, 
dae : ’ (x) 
log. 2 
T 
or 
loge 
tie (2) 
log. 2 
Tt 


* See Stodola’s “ Die Dampfturbinen,” 5th edition, pages 160-174. 


STRESSES IN RINGS, DRUMS, AND DISKS 431 


The formula above is given in two forms for convenience in 


calculating. The first form (1) is to be used when 2 is greater 
1 


than unity, and form (2) when ; is greater than unity. On the 
2 


other hand, when any part of a disk is of constant thickness, 
obviously, a equals zero. 

In order to solve the equations of tangential and radial stress 
as given by the simplified equations in the next paragraph, it is 
necessary to know two values of stress at different points of the 
section. Ordinarily, one of these points is taken at the circum- 
ference of the bore where the axial stress is zero. The other 
point in the section of the disk easily determinable for stresses 
is at the rim where the axial stress is only that due to the centrif- 
ugal force * due to the weight of the blades or buckets attached 
to the rim. 

The value of centrifugal force as thus calculated is not, how- 
ever, a unit stress and this value must be divided by the outer 
cylindrical area of the rim or the circumferential area of the 
rim section at the point of attachment of the blades or buckets 
in order to obtain the unit axial stress at the rim. After the 
determination of the axial stress in two points as indicated, the 
calculation of radial stress for any other points in the cross 
section can be determined by equating the two following equa- 
tions showing tangential stresses T; and Ty, respectively, at the 
corresponding values of the radius r, and ry: 


* Centrifugal force can be conveniently calculated from the formula CF = 
.c0001421 WDN? where CF is the centrifugal force in pounds, W is the weight of 
the blades or buckets attached to the rim, D is the diameter of the disk at the 
point of attachment of the blades or buckets, and W is the number of revolutions 
per minute. A simplified formula for centrifugal force is sometimes expressed in 
terms of its value per one thousand revolutions per minute, and in this form the 
above formula becomes CF = 14.21WD. The latter formula must be multi- 
plied by the square of the number of thousand revolutions per minute to get the 
actual centrifugal force. Thus, if the centrifugal force per one thousand revolu- 
tions per minute has been found to be twenty thousand and the actual speed is 
four thousand revolutions per minute, then the centrifugal force at the actual 
speed would be 20,000 X (4)? or 20,000 X 16 = 320,000 pounds. 
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Ti = Dr,” = ER, + FR, (3) 
To = Ar’, — BR; + Cro. (4) 
The coefficients A, B, C, D, E, and F are functions only of 


j : r 
the shape constant a and the ratio of the radiuses = , and when 
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these factors are calculated for a typical disk for particular 
values of a and ae they may be preserved in a table for future 
2 


stress determinations in disks in which the same values of aand 
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the ratio of radiuses can be applied even if actual dimensions 
and speed of wheel are entirely different. It should be noted 
that in the use of these equations, r is to be selected so that it 
is smaller than rm. See Fig. 217. 


A 


AV? = TANGENTIAL STRESS AT Ye AT 
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The coefficients A, B, C, D, and E are plotted as charts (Figs. 
217a to 217j) as calculated with almost exact accuracy from 
equations simplified to apply to ratios of thickness not greater 
than 5, for values of the constant a between zero and — 5, and 


for the ratio from 0.4 to 0.8; while for values of a (say 
T2 
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between zero and +40) and for = between 0.8 and 0.97, the 
2 


error will not exceed about one-half per cent. On the charts, 
these coefficients can be read with accuracy to three significant 
figures which are close enough for commercial designing. The 
charts giving values of the coefficients on the following pages 
are reproduced here through the courtesy of Mr. S. H. Weaver 
and the General Electric Review. 

The values of the coefficients A, B, C, D, E, and F are rela- 
tively simple for portions of a disk in which there is constant 
thickness, and they can be calculated accurately and as quickly 
as they could be read from the charts. The following values 
of the coefficients should therefore be used for the case of uni- 
form thickness without reference to the charts. This is the special 
case where the “shape constant”’ a equals zero. The weight of 
the material to be used is 0.28 pound per cubic inch, and the 
values of A and D per one thousand revolutions per minute 
are as follows: 


A=66+1.4 (1) (er 1000 r.p.m.) 


9 


D = 6.6 Bib: 1.4 (per 1000 r.p.m.). 
2 P 


The application of the coefficients and formulas will now be 
illustrated by the determination of the tangential and radial 
stresses in a disc wheel of which the half section is shown in Fig. 
217. The wheel is to operate at 3600 revolutions per minute. 

The very first part of the calculation will be the determina- 
tion of the values of the “ shape constant” a for approximate 
hyperbolic curves fitting the section shown. These will be de- 
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termined from the values given of equations (1) and (2) at the 
beginning of this section. For this determination, the cross 
section of the wheel has been divided into five imaginary 
rings. The first ring will be the section included between the 
circumference of the hub (radius = 3.25 inches) and the point 
where the radius (r) is 6.25 inches; the second ring from the 
point where the radius is 6.25 inches to the point where it is 
ro inches; the third ring from the point where the radius is 10 
inches to 16.25 inches; the fourth ring from the radius of 16.25 
inches to 18.00 inches; and the fifth ring from 18.00 inches to 
18.75 inches. Similarly, the thicknesses will be stated for the 
various imaginary rings. The first ring has a constant thick- 
ness of 5.00 inches. The second ring has a variable thickness 
from 5.00 inches to 1.28 inches; the third from 1.28 to 0.68 
inch; the fourth from 0.68 to 3.14 inches; and the fifth has a 
constant thickness of 3.14 inches. The ratio of the radiuses “ 

2 
is for the first ring as calculated from the above data 0.52, for 
the second 0.625, for the third 0.615, for the fourth 0.903, and 
for the fifth o.96. Values of the shape coefficient a for the five 
imaginary rings are as follows: for the first ring, 0, for the 
second —2.9, for the third —1.3, for the fourth +15.00, for the 
fifth o. 

The value of the radial stress at the rim of the disk wheel is 
calculated from the centrifugal force due to the blades or buckets 
attached to the circumference of the disk. In terms of cen- 
trifugal force per 1000 revolutions per minute, the centrifugal 
force is 14.21 times the weight of the blades or buckets times the 
diameter of the disk. In this example, the radial pull per 
square inch of surface of the circumference of the disk at the 
attachment of the blades or buckets has been found by the 
usual arithmetical calculations to be 156.1 pounds per square 
inch per roco revolutions per minute. 

For the calculation of radial stresses in this example, the 
following symbols will be used to indicate the stresses at the 
points marked in Fig. 217 with dimension lines: 
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ll 


e = radial stress at 6 inches radius 
f = radial stress at ro inches radius 
g = radial stress at 16% inches radius 
h = radial stress at 18 inches radius. 


I 
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By the notation outlined above, radial stresses are calculated 
at certain lines in the cross section, and at each of these lines, 
there will be a single value of radial and of tangential stress, 
and in this connection, it should be noted that the radial and 
tangential stress on the circumference of the imaginary ring 
having 6% inches radius will have to be the same as the inside 
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tangential stress of the imaginary ring having 6} inches radius 
on the inside and 10 inches radius on the outside. Radial and 
tangential stresses at the other intersections of the imaginary 
rings will be analyzed with the help of similar equalities. Thus, 
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the following equations have been written for the dimensions in 
this example to represent the equality of tangential stress at 
each of the dividing lines between the imaginary rings. The 
unknown terms in these equations are the radial stresses at the 
dividing lines of the rings as represented in the above tabulation 
by the symbols e, f, g, and h. 
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With this understanding, the following equation can be 
written for the equality of tangential stresses at the dividing 
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line where the radius is 6; inches; (where rp. equals 6.25. 
R, = o*) and we have: 


T, = Dx (6.2527 -EXo+F Xe, also (5) 
«- To = AX (0)? = 7B oe, (6) 


. ae A E F - 
The radial stress at a section of uniform thickness is zero. 
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439 
Equating 7, and T., we have: 
T; = DX (6.257 -EXo+FXe=T, 
= AX (10)? —-BXe+Cxf. (7) 
25 74 
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Similarly, at the next dividing line between the imaginary 
rings (where the radius equals 10 inches): 


Dx (10)? -EXe+F Xf =A X (6.25)? -BXf+C Xg. (8) 
Also where the radius equals 6.25 inches: 
DX (6.252 -E Xf+F Xg = AX (18.0)?—B Xg+ Cx h. (9) 
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Also where the radius equals 18 inches: 
DX (18.0)? -EXg+F Xh=A x (18.75)? -BXh+CX156.* (10) 
Values of the coefficients A, B, C, D, E, and F to be substi- 
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tuted in these equations are to be determined by the use of the 
charts giving the respective values of the coefficients, using as 


* The value of the radial stress at the circumference of the outer ring has been 
calculated in the preceding paragraphs from the stress due to the centrifugal foroe 
of the blades or buckets and the value is 156 pounds per square inch at 1000 
revolutions per minute. 
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the basis for the determinations values of the shape coefficient 

a and the ratio of the radiuses = It should be noted that the 
2 

curve sheets do not give values of the coefficients B, C, E, and 


a =5 
= D 
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F without further calculation. Thus, the curves for B and F 
are to be determined from values of X as read from the curves. 


Thus, B = X Sie and F = X+ = Similarly, curves for C are 


to be determined from values of y as read from the curves. 
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Thus, C =y+ *. Also, values of E must be determined from 
2 


the readings for z from the curves and E = z — . . The letter 
K is used on some of the curve sheets to represent the ratio of the 


radiuses =. 
T2 
A statement of the necessary data taken from the dimensions 
given in Fig. 217 and values of radial stress (known and unknown) 
as well as also values of the coefficients A, B, C, D, E, and F 


are given in the following table: 


DATA FOR STRESSES AT LINES DIVIDING THE IMAGINARY RINGS IN Fic. 217 


Ring No. I 2 3 4 = 
TA AE A nts Sra OEE o225 6.25 10.00 16.25 18.00 
Ta: Opto 5 sop Oe ae 6.25 10.00 16.25 18.00 18.75 
NO PRRO LT So ee See 5.00 5.00 1.28 0.68 3-14 
Lg citnnctor tact erp honoree 5.00 TZ 0.68 3.14 3-14 
ALi CORE oe Oe 0.52 0.625 0.615 0.903 0.96 
11s acy POE ERE 0.00 2.9 —1.3 15.00 ©.00 

cto Re RG eine ere 0.00 e f h 

USCS es ie eo OS oc e ¥ g h 156 
Pie 5s BOOS RRO AMC 6.98 5.99 6.58 8.09 7.89 
d ody eke Se hhh a Mee 1.74 4557 2.99 4.03 24.51 
(Cresta Piece a rae Se at rt 2.74 1.49 2225 21.33 25.51 
1D Maa Re eae ers Fiegs See 3.18 3.33 3-59 7.09 7.48 
Si eer eer ees 0.74 2.31 1.62 3-75 23.51 
F=B+A 1.74 r.2y 1.69 19.03 ea 


After substituting values of the coefficients A, B, C, D, E, 
and F in equations. (7) to (10) already given, we obtain the 
following: 

For r = 6.25 ins. 
3.18 X (6.25)? -0.74 XO+1.74 Xe 
= 5.99 X (10)? = 4.17 Xe 149 Xf. (xz) 
For r = 10 ins. 
3-33 X (10)? — 2.31 Xe+1.27 Xf 
= 6.58 X (16.25)? — 2.99 Xf + 2.25 Xg (12) 
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For r = 16.25 ins. 


3-59 X (16.25)? — 1.62 Xf + 1.69 X g 
= 0.09'X (18)" — 4.03 X e+ 21,33 Xk (13) 


For r = 18 ins. 


7.09 X (18)? — 3.75 X g+ 19.03 Xh 
= 7.89 X (18.75)? — 24.51 Xh+ 25.51 X 156. (14) 


The solution of these equations by the usual method of sim- 
ultaneous equations gives the following values for the unknown 
radial stresses in the table: e = 433; f = 1398; g = 1578; 
h = 238. : 

After the values of the radial stresses e, f, g, and h have 
been determined, the tangential stress at any of the dividing 
lines of the imaginary ring sections can be determined since 
either the right hand or the left hand member of equation 
(11), for example, gives the value of tangential stress at the point 
where the radius is 6% inches. Similarly, either the right hand 
or the left hand member of the second equation gives the value 
of the tangential stress where the radius equals 1o inches, and 
soon. Following this method, the tangential stress at the out- 
side edge of the hub will be determined most simply from the 
left hand member of the first equation. Thus, 


3.18 X (6.25)? —0.74 XO+1.74 X 433 = 877. 


By the solution similarly of the T, equation (6) written for the 
radius at the inside of the hub (r = 3.25 inches), the tangential 
stress at this point will be: 


6.98 X (6.25)? —1.74 XO+ 2.74 X 433 = 1458. 


Also, the tangential stress at the outer rim as calculated by 
substitution in equation (14) will be: 
4.48 X (18.75)? — 23.51 X 238 + 24.51 X 156 = 853. 


From the results calculated in this way, the following tabulation 
can be made for the radial stresses (R) and the tangential stresses 
(T) at the various sections per 1000 revolutions per minute: 
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Yes 3,05 6.25 IO 16.25 18 18.75 (inches) . 
R= 0 433(e) 1398(f) 1578(g) 238(4) 156 (Ibs. per sq. in.) 
T=1458 877 1109 1345 915 853 (lbs. per sq. in.) 

If intermediate values were required between those given, 
additional equations would have to be worked out in the same 
way as those already given. 

The rated speed at which the turbine wheel is to operate is 
3600 revolutions per minute, and to get the equivalent radial 
and tangential stresses at this speed from the preceding table, 
all the values given must be multiplied by (3600/1000)? = 12.96 
and we obtain the following table: 


Pe or 6.28 IO 16.25 18 18.75 (inches) 
R= © 5608 18115 20450 3189 2020 (Ibs. per sq. in.) 
T = 18900 11386 14368 17430 11858 11052 (lbs. per sq. in.) 


The radial elongation at any radius r is e = r(T — 0.3 R) + 
29,000,000, where 29,000,000 is the modulus of elasticity of 
the disk material. The radial elongation at 360 r.p.m. is then 
for 


rf = 3.25 6.05 5 6xG 16.25 18 18.75 (inches) 
€ = 0.00212 0.00208 0.00308 0.00633 0.00677 0.00676 (inch) 


The time required for an accurate solution, using the exact 
mathematical formulas, is about forty-five hours; the use of the 
approximate formula in the chart form reduces the time to 
about five hours. As to the error in the approximation, a com- 
parison has been made of several disks in which the maximum 
stress varied from one per cent. low to three per cent. high. 

In a tapering section, values of the shape constant a are 
negative for a section reducing in width as the radius is in- 
creased, zero for a constant thickness, and positive values when 
the width of the section increases with increasing distance from 
the center. With a given thickness inside the rim, the numerical 
negative values of a will be larger for a thick than for a thin 
hub. An examination of the charts shows that values of A 
(for constant values of r) are reduced with increasing negative 
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values of a, meaning that the thickness of the hub is increasing 
toward the center. Similarly, the charts of values of B and F 
have increasing values under the same conditions while values 
of D and E are reduced. Values of C may be increased or de- 
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40 
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creased depending on whether the constant @ is greater or 
less than —2.4; when a is greater, C is increased and also when 
less, C is increased. In other words, the minimum values 
of C occur when a is equal to —2.4, but the range of values 
in C is not great. 

Reference to the first of the equations written for expressing 
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the equalities of the tangential stresses (for r = 6.25 inches) 
shows that increasing negative values of the constant @ (for a 
thicker hub) reduces the value of the radial stress e rapidly, 
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and consequently reduces also the tangential stress at the hub 
as calculated by the equation given above for that tangential 
stress. This equation depends only on the value of e as re- 
gards thickness. The change in the value cf f is insignificant 
and can be neglected for approximate calculations. 
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STRESSES IN REVOLVING DRUMS 


As appears from an inspection of the various photographs 
given in the text illustrating modern designs, a drum is gener- 
ally made up of a number of sections. The end sections are 
generally integral with the shaft. ‘These end sections are gen- 
erally designed as disks of uniform stress. The intermediate 
blading is generally carried on a ring bolted to these ends; and 
the design of rings has been explained on preceding pages. 

Permissible Stresses and Suitable Materials. It is considered 
safe generally to use ordinary forged or rolled steel, for velocities 
not exceeding 600 feet per second; and for lower speeds than 
this limit wrought iron can even be used if it is of exceptionally 
good quality. 

Nickel steel is recommended for turbine disks by the Krupp 
Company of Essen, Germany. This nickel steel has an ulti- 
mate tensile strength of 125,000 pounds per square inch and 
12 per cent. elongation before rupture. The elastic limit is 
about 95,000 pounds per square inch. It is stated by the 
Krupp Company that they will produce a nickel steel of still 
higher tensile strength but only about 6 per cent. elongation. 
With some small forged pieces of this material an ultimate 
tensile strength of 285,000 pounds per square inch has been 
observed, with an elastic limit of nearly 225,000 pounds per 
square inch. All De Laval turbine wheels used in America are 
made in Sweden of forged nickel steel, which is rather high in 
carbon. 

Allowable working stresses must, of course, be left to the 

judgment of the designers. An engineer of the Krupp Com- 
pany states that stresses in the same direction may be allowed 
in turbine disks as high as one-third of the elastic limit. 
@ Since the centrifugal force and therefore also the unit stress is 
proportional to the square of the velocity, if a factor of safety 
of 4 is allowed, the breaking speed of the wheel will be twice the 
normal speed, and the elastic limit of the material is only about 
1.5 times the normal speed. 
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Excessive stresses at a hole are “‘ dissipated ” very materially if 
a dangerous stress is reached at the edge of the hole. Before 
rupture can occur there will be an excessive elongation of the 
material as soon as the elastic limit is reached at the highly 
stressed section. 


: CRITICAL SPEEDS OF LOADED SHAFTS 


With the high speeds at which steam turbines are operated 
the centrifugal forces due to even a small eccentricity of the 
rotating masses produce vibrations, excessive stresses, and 
“ springing ” of shafts. As the result of the eccentric forces the 
shaft is bent farther out of line, so that the centrifugal forces 
and the amount of the eccentricity are increased until the stress 
set up in the shaft by the bending produces a force equal to the 
centrifugal force, and the center of gravity and “‘ center of work ” 
coincide. If W is the weight of the rotating mass in pounds, ¢ is 
the “ original ” eccentricity of the shaft in inches, x is the eccen- 
tricity in inches at WN revolutions per minute, P is the force 
applied to the shaft at the point of attachment of the disk which 
will bend the shaft 1 inch, within the elastic limit, C. F. is the 
centrifugal force of the rotating mass, and & is a constant, then 


cr = We 
gx 
The bending of the shaft at this speed is « — e, so that 
kWN? 

RP Sy 

(op =A (47) 

ane x= < where u = ae 

_ kW?’ 2 

Pg 


The increased eccentricity due to rotation is therefore pro- 
portional to the original eccentricity of the shaft and increases 
kRWuw 

ig 
x becomes 0, that is, the deflection becomes exceedingly large, 
unless prevented, and would break the shaft. 


with increasing values of « and hence also of N. When 
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It has been shown by Cree * that the critical speed N. (r.p.m.) 
of a shaft with some flexibility in the bearings carrying a con- 
centrated load of W pounds is 


_ 6. Soar EI, 
Se (8) 


where E is the modulus of pee in pounds per square inch, 
r is the radius of the shaft in inches, | is its length (between two 
bearings) in feet, and a and b are the distances from the load to 
the bearings, in feet. This formula is to be used for only a 
single concentrated load like the single wheel of a De Laval 
turbine. When there are a number of wheels with possibly also 
a revolving field of a generator on the same shaft, the problem 
becomes very complicated if the loads are considered separately. 
Experience with such calculations has shown that for the cases 
occurring in practicef the critical speed can be determined with 
considerable accuracy by the following simple equation derived 
for the case of uniform loading: 


N, = 155,000 r? (49) 


eh 
Wi’ 
where W is the sum of the several loads on the shaft. 
Accurate Determination with Multiple Loading. In all except 
the simplest type of turbines there is more than one concen- 
trated load on the shaft. For accurate determinations it is 
necessary to take the weight of the shaft itself into consideration. 
A solution of a problem involving a shaft with multiple loading 
will now be considered. ; 
In order to determine the critical speed of the rotor it is neces- 
sary to determine the elastic curve of the rotor. This is most 
easily done by graphical methods. A discussion of these methods 
may be found in any work on graphical statics. 


* Proc. Physical Society (London), vol. XIX. 

+ In this formula the weight of the shaft is not taken into account. The influ- 
ence of the weight of the shaft on the critical speed can be easily calculated, but in 
practical cases it may be neglected without appreciable error. 

t This applies particularly to the cases of Rateau, Parsons, and Curtis tur- 
bines and turbine-driven generators and pumps. 
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Problem. Draw the curve of statical deflection for the three- 
stage rotor of the turbine shown in Fig. 218. For dimensions 
consult Fig. 219 and the accompanying table. Also determine 
the approximate critical speed. The shaft may be considered as 
simply supported at the centers of the bearings. 
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Fic. 218. Three-stage Kerr Steam Turbine. 


The work may be divided into six parts, v7z.: 
I. Determination of the loads. 
II. Construction of force polygon (8). 
III. Construction of string polygon (c). 
IV. Determination of the imaginary loads for force polygon (d). 
V. Construction of force polygon (d). 
VI. Construction of string polygon (e) and actual elastic 
curve (f). 


I. Determination of the Loads. The length of the shaft is 
divided up into a number of parts. Each section should embrace 
only one diameter of shaft. The greater the number of divisions 
the greater will be the accuracy of the elastic curve but a greater 
number than taken for the solution of this problem is not neces- 
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sary or practicable. These sections are numbered in Fig. 219 
from 1 to 130. 

The weight of each section is determined by finding the volume 
of the section and multiplying by .2835 (the density of steel in 
pounds per cubic inch). The weight of each section acts through 
the center of gravity of the section. The weights acting at the 
center of gravity of each section are shown under the sketch of 
the rotor in Fig. 219. The reactions at the bearings are also 
indicated by forces. Bow’s notation is then applied to these 
forces as shown in the figure. 

II. Construction of Force Polygon (b). The loads are laid off 
on the same vertical line as shown in (6). A convenient point is 
chosen for pole O. In the solution, the pole distance P is 3 inches. 
Rays are drawn to B, C. D, E, etc., from pole O. 

III. Construction of String Polygon (c). The string polygon 
is constructed by drawing on the lines of action of the forces of 
(a), lines parallel to the rays of (0). Rays ob and oc must inter- 
sect on the line of action of the force bc; rays oc and od must 
intersect on the line of action of force cd, etc. Ray oa is deter- 
mined after all the other lines have been drawn on the string 
polygon. Ray oa and ray ob must intersect on force ab of (c). 
In like manner rays oa and of must intersect on force at. There- 
fore the point of intersection of ot and at is a point on oa and the 
intersection of 0b and ab is another. Since two points on oa 
are now determined, the line can be drawn. 

The string polygon represents the bending moment of the 
rotor at any point. The scale of the bending moment diagram is 
determined as follows: 

Let the length scale be 1 inch = L inches (full size). 

Let the force scale be 1 inch = F pounds. 

Let the pole distance chosen be P inches. 

Then 1 inch = LFPinch-pounds, the bending moment scale. 

In the solution illustrated 

L = 5 inches (on rotor). 
F = 100 pounds. 
P = 3 inches (on diagram). 
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Therefore the moment scale is 1 inch = 5 X 100 X 3 = I500 
inch-pounds. 

The bending moment at any point of the rotor is determined, 
therefore, by measuring the vertical distance across the string 
polygon at the point in question, and multiplying by 1500 inch- 
pounds. 

IV and V. Determination of Imaginary Loads for Force 
Polygon (d). The area of the moment diagram for each section 
of the rotor is found and divided by E/ of the section to obtain 
the ‘“ Loads” shown directly under the bending moment dia- 
gram. These loads are laid off on (d) as was done in the construc- 
tion of (6). A suitable pole point is chosen and the various rays 
are drawn. 

The load scale for (d) must now be determined. Let the 


Bending moment scale be 1 inch = M inch-pounds 
Length scale be t inch = ZL inch 


then 
1 inch? of Bending Moment diagram = MZ inch?-pounds, 
therefore each square inch of B.M. diagram gives 


ML inch?-pounds 
E pounds per inch? J inch* 


load for the polygon (d). The expression = is dimensionless 
so that the loads of (d) are pure numbers. 
In this particular problem 


M = 1500 inch-pounds. E = 30,000,000 pounds per inch?. 


Therefore 1 inch? of B.M. diagram gives 


T500 X 5 _ 00025 


Ehcos oaae units of load. 


The value of J, of course, varies with different sections. 
VI. Construction of String Poiygon (e). Each of the forces 
of polygon (d) acts through the center of gravity of its respective 
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area. The string polygon (e) is constructed on the lines of action 
of these forces in exactly the same way that string polygon (e) 
was constructed. String polygon (f) is constructed by making 
the string o@ horizontal and by making the intercepts cut off on 
vertical lines equal respectively to the vertical intercepts of 
polygon (e). String polygon (f) represents the true shape of 
the elastic curve. 
The scale of deflections must now be determined. 


Let 1 inch = R units of load in (d) (R is dimensionless). 
t inch = L inch of length on the rotor. 
Polar distance = P inch. 


Then deflection scale is r inch = RLP inches of deflection. 
In this particular problem 


1 


t inch = units of load. 
10,000 
t inch = 5 inch on rotor 
P = 3 inches. 
. Se : . 
Therefore 1 inch = ~~ inch = .oors inch of deflection 
0,000 


d 


A convenient form for listing the various calculations is shown 
in the accompanying table. The deflection under each load W 
of the original diagram (a) is scaled off the deflection curve and 
listed in the table. The product of each weight times its de- 
flection (y) and the product of each weight times the square of 
its deflection are also listed. 

The critical speed is then determined by substituting in the 
expression 


; : i f 
rica ep (oe ee ee 
on summation of Wy? 


where y is the deflection at any point in the shaft to a load W. 
The kinetic energy of the eccentric rotating mass and the elastic 
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energy of the whole shaft as required for the derivation of this 
formula are found by usual mathematical methods. 

In this particular problem the critical speed is 4770 R.P.M. 
which is well above the operating speed of the turbine. 

This solution may be applied to all rotors supported on two 
bearings and, with slight modifications, to the three bearing 
case. 


CHAPTER XVI 
MERCURY TURBINES 


Mercury boils at a much higher temperature than water and 
consequently much more heat can be stored in mercury vapor 
than in steam. Because of this thermal advantage, turbine 
installations have been devised to operate with mercury vapor, 
although usually in combination with steam to drive another 
turbine. Both the mercury turbine and the steam turbine are 
generally used to drive generators. The application of this 
system in a typical installation, is shown in Figs. 220, 221 
and 222. The development of this system is largely due to 
the efforts of Mr. W. L. R. Emmet, Consulting Engineer of the 
General Electric Company. The mercury is vaporized in an oil- 
fired boiler in which the mercury circulates in the tubes. The 
mercury vapor from the boiler passes through suitable piping to 
the mercury turbine as shown diagrammatically in Fig. 220. 
This turbine exhausts into a surface condenser where its latent 
heat is used to make steam. Mercury which liquifies in the 
condenser is carried back to the mercury boiler by gravity (no 
feed pump is required). The characteristics of mercury are 
such that high temperatures can be used without excessive pres- 
sure, and the heat from condensation can be delivered at a con- 
venient degree of vacuum and at a temperature suited to make 
steam at pressures suitable for power plant uses. The system 
thus affords means by which the temperature ranges practical 
with steam are greatly increased with consequent gain in the 
conversion of heat into work. 

From time to time various substances have been suggested 
for use in a thermal system similar to the one described, but the 
only substance which seems to have any practical possibilities 
is mercury, in spite of its high cost, poisonous ‘quality and ten- 


dency to oxidize. 
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The power plant installation consisting of a mercury boiler 
and a mercury turbine has been recently added to one of the 
plants of the Hartford Electric Light Company at Hartford, 
Connecticut. This equipment was designed to operate at 35 
pounds per square inch gage pressure on the mercury boiler and 
the vapor from this boiler drives an 1800 kilowatt mercury 


Steam to 
Steam Turbine 


Mercury Vapor 
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I Ht i! 


Mercury Liquid Return 


——— 


Mercury Boiler 


Fic. 220. Diagrammatic Drawing of Mercury and Steam Turbine. 


turbine. The mercury vapor exhaust when condensed gen- 
erates steam in the condenser at 200 pounds per square inch gage 
pressure with about 100 degrees Fahrenheit superheat. 

In this installation, the hot furnace gases from oil burners 
pass in order through the mercury boiler, a mercury-liquid heater, 
a steam superheater and a feed-water heater, as shown in Fig. 
221. ‘The designers state that a heater to warm the air required 
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for combustion might well be substituted for the feed-water 
heater in this outfit as it would put the additional amount of 
heat into the mercury vapor instead of into the steam, and feed- 
water heating could be accomplished by “ bleeding ” steam from 
one of the stages of the steam turbine. The approximate tem- 
peratures of the gases at different points in this path are given 
in this figure. 
Connection from Relief Diaphragm 


of Condenser Boiler 


SPECS SE AERA RETO Dee Pa SP A Pee ORE SEATS 


‘Steam Inlet 
= to Super- Mercury Vapor Pipe 
: i | heater to Turbine 


i (oan) 

Mereury Liquid 2—}| eecary Vapotnle Fi 

: = 1 1 ! 
TIS TOO : Heater outlet '! Mercury Boiler bee if 

Feed Water |p asus sosee = ali 

Heater LEC == rl Wal 


t 
ee es erage ; N 
0006 4 Inlet / Sty \ 
Soaas oases 1-- JA ----------=-- LE of Liquid ie baa 
ee i 1 
ey 


Ee Steam Outlet ' Cece 
FEARS Furnace 3000 F, 


“y 

i |filue 425°F, | ferme oa 
, . 

it Pr | Recor Oil Boiler 

fH En-tilfsssee poses Blow-off Valve 


Inlet i Rea talk 
! 
on ~ 


Ter erie ain Uri igaine) tae a 
pie] DAM pra et SoM ee MeO LS Tp re! 


Fic. 221. Section through Mercury Boiler, Heater, Superheater, 
and Feedwater Heater. 


The mercury vapor generated in the boiler passes through 
governing and emergency valves to the mercury turbine wheel, 
which is overhung on the end of the generator shaft and oper- 
ates in a suitable space at one end of the mercury condenser as 
shown in Fig. 220. Two safety valves are arranged to by-pass 
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the mercury vapor into the mercury condenser when either of 
these valves closes. By this arrangement, mercury vapor con- 
tinues to be condensed and to make steam for the operation of 
the steam turbine, whether the mercury vapor is passing through 
the mercury turbine or not. The turbine shaft passes through 
a packing box between the generator and the turbine wheel, 
which is sealed by mercury vapor which is above atmospheric 
pressure. The outward leakage from this packing box dis- 
charges into a cooling chamber where it is all condensed and 
returned to the system. The mercury vapor after passing 
through the nozzles of the turbine and passing through the blades 
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Fic. 222. Section through Mercury Condenser, Turbine, and Generator. 


of the turbine wheel comes into contact with the tubes of the 
condenser which hang down vertically from a steam and water 
drum D to which they are attached by rolling and by arc welding. 
Usually the condenser and all pipes and tubes which carry mer- 
cury are put together by welding. From this condenser the 
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liquified mercury runs through a sump to the mercury heater 
shown in the middle of Fig. 221, and then returns to the mercury 
boiler by gravity. As shown in Fig. 222 there is a large blow- 
out diaphragm D which opens into a pipe discharging into the 
chimney in case the pressure in the mercury condenser should 
for any reason become excessive. 

In the most recent design of the mercury boiler, the fire-tubes 
through which the hot furnace gases pass are hexagonal and are 
nested together like a honeycomb, as shown in Fig. 223, and in 
each seven tubes a space is left for a duct which serves as the 
return for the circulating liquid. The liquid mercury rises 
around the tubes and the vapor forms in clearances between the 
tubes at the hexagonal corners. The upper part of each tube 


Fic. 223. Bottom of Mercury Boiler. 


acts as superheating surface so that the mercury vapor is de- 
livered by the boiler with a little superheat which is desirable 
for the reason that it probably tends to prevent cutting of the 
turbine blades. 

The most difficult and novel part of this system is the mercury 
boiler. While mercury is a good heat conductor, it’does not 


462 THE STEAM TURBINE 


wet steel and consequently considerable temperature differences 
are required to deliver heat to it at a high rate. When it 
begins to produce vapor on the heating surfaces this condition 
becomes rapidly worse. Successful mercury boilers are depend- 
ent upon rapid circulation of the liquid. ‘The large difference 
of pressure between the top and the bottom of the mercury in 
the boiler, due, of course, to the relatively large specific gravity 
of the mercury, prevents the boiling of the circulating liquid 
until it is well started upwards. This requires that the rapid 
heat delivery must be confined to the part of the surface of the 
liquid mercury which is not much disturbed by boiling. Rapid 
circulation is essential and the places for discharging the mercury 
vapor must be so proportioned that the circulation will not be 
checked by the escape of the vapor. If these spaces are too 
small the liquid mercury will be given motion somewhat like a 
charge of shot, and prohibitive back pressure will result which 
will check the circulation. These conditions seem to be best 
obtained by the use of dead-ended tubes with “ interior struc- 
tures ” which provide the independent circulation for each tube. 
These tubes should be so arranged as to receive radiant heat 
from below with the hot furnace gases passing upward in rather 
small spaces between them. Best results will probably be se- 
cured with all the tubes receiving equal amounts of heat, both 
from radiation and from contact with the gases. 

A mercury boiler should be made in sections operating in 
parallel and put together in such a way that any section may be 
removed for cleaning and repairing as may be necessary. This 
type of boiler has the advantage that its heating surface is free 
from expansion strains. It also makes possible the calorizing 
of the tubes. This process, which was developed in the General 
Electric Research Laboratory, ‘‘ aluminizes ” the surface of the 
tubes so that they are immune from burning at high temperatures. 
This process is used successfully in petroleum stills at much 
higher temperatures than are necessary in mercury boilers. 

Mercury does not oxidize very rapidly even when exposed to 
air at high temperatures, but even a small degree of oxidation 
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seems to render the metal adhesive and makes it very difficult to 
separate finely divided foreign matter. Experience has shown, 
that if the scum formed by oxidization accompanied by scale, 
dirt, cuttings from the steel, etc., is allowed to freely form and 
circulate in a mercury-boiler system, accumulations are likely to 
occur in interior passages, and that in these accumulations large 
crystals of red oxide are likely to form, increasing the bulk of 
solids and causing danger of stoppages. For these reasons it 
has been found desirable to carefully protect the mercury from 
frequent or continued exposure to oxygen, and this has been done 
by filling the boiler and condenser with illuminating gas when 
they are shut down. Arrangements have also been made by 
which gas is kept in the cleaning sump and can be kept in con- 
tact with the mercury which leaks from the packings, although 
this small quantity could be cleaned continuously as it returns 
to the system. 

In such apparatus the temperature differences are very large 
and expansion strains must be scrupulously guarded against. 
The problem is similar to that in properly designed steam ap- 
paratus, but much more important because leaks are prohibitive 
and any repeated excess strain will make a crack. In all welded 
joints the weld should be made much stronger than the metal 
adjacent to it; otherwise small movements may concentrate 
there and develop cracks. 

In the first ventures which have been made in mercury tur- 
bines, single wheels of the impulse type, like the original DeLaval 
turbines, have been used. ‘This was done for the sake of sim- 
plicity, the speed conditions being suited to such a wheel. It 
was not known how much the mercury might wear the blades. 
Mercury discharged at high velocity and high temperature 
erodes ordinary steel rapidly. It has been found, however, 
that tempered high-speed tool steel is hardly at all affected under 
the severest conditions. The Hartford turbine was fitted with 
blades of this metal and some of soft steel. Neither has. been 
even slightly affected, and the inference is that a turbine with a 
plurality of stages and blades of ordinary steel can be used. 
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The mercury turbine has a hooked-on bucket construction by 
which the wheel can be quickly rebucketed by a man working 
inside of the condenser. 

In many respects the problems of mercury turbines are similar 
to those of steam turbines. The velocities involved, however, 
are of the order of one-third and the mechanical problems are 
therefore much easier notwithstanding the high temperature. 

Two types of shaft packings have been successfully used in 
mercury turbines, in one case the seal being a centrifugal type 
sealed with liquid mercury, and in the other being made with 
mercury vapor. The latter type has been found most convenient. 

The condensing conditions with mercury are peculiarly good. 
The liquid does not wet the surface and the falling drops tend to 
move the vapor and also to give added condensing surface. 

Steam Generation. The limitation of heat delivery is prob- 
ably governed largely by heat conduction through the heavy 
steel tubes; and delivery as indicated by the falling mercury, 
which has been observed through a lighted window, seems to be 
quite uniformly distributed over the condensing surface. This 
makes a very good condition for the production of steam. The 
steam space can be made very large without inconvenience or 
appreciable added expense. 

Cleaning Tubes. The tubes are accessible from above through 
handholes at the top, and can be cleaned by inserting into the 
top of the tube a nozzle connected to a piece of flexible pipe or 
hose. Through this another small hose can be run down to the 
bottom of the tube, and scale or dirt can be flowed out with 
water after it has been loosened by the ordinary means. 

Since it is economical to use the mercury turbine as much as 
possible, the normal governing is done on the steam end and the 
governor of the mercury turbine operates only as a speed-limit- 
ing device, being set to operate above the running speed fixed 
by the steam-turbine governor. 

The furnace is operated and pressure and level in the steam 
part are held just as in the case of an ordinary steam boiler. If 
the mercury turbine cannot use the vapor made by the fire. it 
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is by-passed through the safety valves. If the steam made can- 
not be used, the steam safety valves must blow as in any boiler. 
The mercury level in the boiler is indicated to the fireman by float 
gages, the motion of which is transmitted magnetically through 
disks of non-magnetic steel welded into the ends of the boiler 
sections. If a loss of mercury should be observed the tempera- 
tures should be checked as quickly as possible so that the loss 
may be reduced as much as possible. 

The whole apparatus for this purpose has been developed with 
a view to avoiding the possibility of leaks, and experience with 
much experimental apparatus over a period of years has indicated 
that the desired results are not very difficult of attainment. 
With proper methods of welding and of proportioning of parts, 
leaks which may occur through imperfect work, imperfection of 
material, or expansion strains improperly provided for will 
generally be of the nature of minute cracks— and mercury 
leaks slowly on account of its high density. Means have been 
developed by which the presence of a very small quantity of 
mercury in the flue gases can be shown by the discoloration of a 
strip of treated paper. Most of the parts which carry mercury 
under pressure are in the flue-gas space, which — being subject to 
stack suction,—cannot deliver fumes to the air which is breathed. 
The parts which are not so situated are completely surrounded 
by sheet-metal enclosures outside the lagging. 

On several occasions men have been in contact with much 
mercury vapor in hot places, and in one or two cases men have 
been temporarily quite sick as an apparent result. There has 
been no case of salivation or continued symptoms of mercury 
poisoning, although many of the men have been employed for 
long periods. The experience of mercury production and its use 
in other arts would indicate that, with reasonable precautions, 
the danger of poisoning should not be appreciable. 

Economies. The most economical method of operating this 
process will generally be to get as much heat as possible into the 
feed water by bleeding the steam turbine as in the best modern 
steam practice. Since such units will not be run at heavy over- 
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loads, as is common with steam boilers during peaks, it will be 
practicable to put a large quantity of heat into the incoming 
air without danger of burning the brickwork, and it is thought 
that such a device as the Ljungstrom air heater can be used 
to great advantage in bringing the flue gases to a low tempera- 
ture and delivering their heat to the furnace. The heat from the 
furnace will be used to heat and vaporize mercury and to give 
such superheat to the steam as may be expedient with the steam 
apparatus used. , 

With such an arrangement, if we assume 70 per cent. efficiency, 
70 pounds pressure for the mercury cycle, and the most desirable 
steam conditions, we should be able to operate on base load for 
about 10,00 B.T.U. from fuel per kilowatt-hour. 

For the purpose of giving an idea of possibilities in existing 
stations, the cases of three large plants — among the best in the 
country — operating for the month of January, 1924, have been 
considered. The following table shows the conditions in these 
plants and the gain in net output which would have resulted if 
the same fuel had been burned under mercury boilers, with the 
same auxiliary and flue-gas conditions; it being assumed that 
the mercury turbines with generators are 70 per cent. efficient 
and that a mercury pressure of 70 pounds gage is used: 


Plant Plant Plant 
No. I No. 2 No. 3 
Capacity toy KalOwaubcs wen, eee eee Seen 180,000 50,000 | 100,000 
CONOMIZERS ince ene eee aca ORR ee No No Yes 
Steam Pressure, Ib. per Sq. i... -.e.<m 6 ee 219 286 235 
Superheat, degrees Fahrenheit............... 217 245 200 
oaditacton: pen Cents, «nc Memes area e 57 50 50 
B.t.u. in fuel per kilowatt-hour.............. 19,850 19,700 18,250 
Gain in output if fuel had been burned under 
METClCY: DOUCTCmpel Cent ower ms eee Ree 65 58 51 


These estimates do not admit of much error. The combustion 
conditions would be the same in both cases and no additional 
auxiliary load would be occasioned by the change. There would 
be some difference in banking and starting since the mercury 
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equipment would not generally be designed for heavy overload- 
ing at peaks as is common with steam boilers. 

With the same steam turbines and condensers in each of these 
cases plant capacity could be more than doubled by providing 
full mercury-boiler equipment. From this fact it may be in- 
ferred that the process affords great advantages in the matter 
of investment as well as of operation. 

The demand for mercury has always been strictly limited and 
it is probably not safe to predict positively the consequence of a 
greatly increased demand. The cost is governed largely by the 
richness of ore. Ore of various grades exists in many places and 
now it only pays to work the best of it. A well-informed mer- 
cury-mine operator has estimated that a maintained price of $2 
per pound would call forth from known sources in the United 
States enough mercury, if used as we expect, to correspond in 
plant capacity to the largest yearly output of high grade steam 
turbines. Several other experienced persons have expressed 
opinions generally agreeing with such a view. Unworked de- 
posits are known in Alaska, South America, New Zealand, and 
elsewhere, and a rise of price will undoubtedly bring much more 
to light. It is thought, therefore, that we need not slack our 
efforts for the present through fear of a shortage of mercury. 


CHAPTER XVII 
GAS TURBINES. 


Tue development of the gas turbine, which should combine 
the high thermal efficiency of an internal combustion engine with 
the mechanical simplicity of the steam turbine, has occupied the 
attention of a number of able engineers from time to time but 
without unqualified success. Because of the severe conditions 
due to the very high temperatures of the gases after combustion, 
there are many difficulties in construction which in a large 
measure offset the otherwise simple mechanical construction. 

It may well be said that the designer of gas turbines is between 
“the two horns of a dilemma.” If he tries to utilize the gases 
at the temperatures resulting from expansion in a single normal 
nozzle, the nozzles and blades will deteriorate very rapidly, and 
for the best efficiency the speed of rotation of the turbine must 
be made too high for utilization for general power purposes with- 
out the application of reducing gears; and, if on the other hand, 
he cools the gases by the injection of water or excess air into the 
combustion chamber to make the temperature of the gases suitable 
for the materials available for machine construction, the high 
thermal efficiency stated by the simplest laws of thermodynam- 
ics* is, of course, not attained. 

Since the gas turbine is certainly not yet out of the experi- 
mental stage,} although there are commercial applications, it is 
not out of place to give some space to its history. 

Probably the oldest form of gas turbine is the ancient propeller 


ites 


* The thermodynamic efficiency of a heat engine is expressed by fy , where 


T is the initial and 7) is the final temperature of the cycle. By lowering the value 
of T;, the efficiency is reduced in much greater proportion than the reduction in the 
temperature. 

} It is stated that quartz nozzles have been used successfully, but they are 
very expensive and fragile. 
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mechanism, known as a “‘smoke-jack,” which was used for 
operating the turnspit* of large open fireplaces. An illustra- 


tion of this “smoke-jack”’ is shown 
7/7 
_ _i=s@a 


Wy 


in Fig. 218, which is a copy of an Y EENIES / j 


old drawing published in Bishop Ls J 
/ 
\ 


Wilkin’s Mathematical Magic in 1680. 
A similar apparatus is described by 
Cardan about 1550. This mechanism 
was placed in the chimney and was 
driven around by the ascending cur- // 
rent of hot gases from the fire. Its (aes 128 


motion was transmitted by gearing as [SSS 


and belting to the spit on which the Cee 55 


joint of meat was carried in front of 
the fire. The power of this ‘smoke- 
jack”’ can only be estimated by the 
work of the turnspit dog which it replaced. It must, therefore, 
be rated at least one ‘‘dog-power.”’ 

The earliest attempt to construct a gas turbine on scientific 
principles was probably made by Stoltze of Charlottenburg, who 
received a patent for what he called a “hot-air” turbine in 1873. 
This apparatus consisted of two turbines on one shaft, one acting 
as an air compressor and the other as a power turbine. The 
function of one of these turbines was to draw in and compress 
the air to about 4o pounds per square inch absolute. Part of 
this compressed air was then passed through a combustion 
chamber or furnace, where it supplied the oxygen required for 
the combustion of the gas or oil fuel. Another part went 
through a heating chamber and was later mixed with the gases 
of combustion from the furnace. The mixture of gas and 
air was then expanded in the second turbine. The useful 
power developed by such a turbine is the difference between 
that developed by the gas turbine and that required to drive 


Fic. 224. A Chimney Turnspit 
or ““Smoke-Jack.” 


* Turnspit is the name usually applied to the dog which was used to turn, by 
means of a suitable mechanical contrivance, a spit or long iron bar, pointed at one 
end, used to hang up meat to be roasted. 
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the turbine-compressor. A turbine designed to develop 200 
horsepower has been constructed on this plan, but it has not 
been commercially developed. It is very doubtful, if all other 
difficulties were overcome, whether this method of air injection 
could give nearly as good economy as water injection. (See 
page 436.) 

Some attention has been given to the development of the 
explosion gas turbine, of which a very simple form is shown in 
Fig. 219. It consists of a combustion chamber E, of which one 
end is closed by a large valve A opening inward, admitting air 
through the parts B, B and fuel through tubes F, F opening into 
the valve seat. The mixture of gas and air is ignited by electric 
sparks at I, and the products of combustion are discharged from 


Fic. 225. A Simple Explosion Gas Turbine. 


the chamber through a small opening J leading into the nozzle N, 
where air, as shown by the arrows, is mixed with the gases to 
reduce their temperature before they reach the blades of the 
turbine wheel W opposite the nozzle. 

It is a well-established fact that when a mixture of gas and air 
is exploded there is first a sudden expansion and then, because 
of the combination of the hydrogen in the burned gases with 
the oxygen in the excess air to form water, a vacuum is produced. 
This phenomenon is applied in this apparatus to operate the 
valve A, which by the formation of a vacuum is drawn inward 
to admit another charge of gas and air. It is stated that in 
such a turbine the explosions will occur very rapidly — from 3500 
to 5000 per minute —so that there is a practically continuous 
discharge upon the wheel. The efficiency of an explosion motor 
of this kind is very low because of the lack of compression; but 
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its efficient development does not seem to be impossible. If in 
some way efficient combustion by explosion can be secured 
without compression, then a most economical power development 
could be attained with an explosion combustion chamber with 
the fuel and air valves operated automatically “by vacuum” and 
the injection of probably comparatively large quantities of 
water after combustion. Such an apparatus would be simple 
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Fic. 226. Section of a Zoelly Explosion Gas Turbine. 


indeed compared, on the one hand, with the complicated com- 
bination of the steam boiler with external firing and the steam 
turbine, or, on the other hand, with the complex reciprocating 
gas engine. Fig. 220 illustrates a Zoelly explosion gas turbine. 
It consists essentially of an explosion chamber C, a turbine 
wheel W, water and oil pumps, and an air compressor. The 
pumps and compressor are of the reciprocating type and are 
driven by the main shaft by means of the worm gears A, and 
B,. The valves regulating water, oil, and air admission and 
the ignition device m, are operated by the gases, and steams are 
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expanded in the nozzle N and impinge upon a turbine wheel W 
of the De Laval type. Some of the heat remaining in the exhaust 
gases is absorbed by water coils R which serve to heat the injec- 
tion water. In the operation of this apparatus, air is admitted 
first into the explosion chamber and then the oil, as the air is 
supposed to act as a shield against back-firing. After the charge 
has been exploded and the maximum pressure has been reached, 
the cooling water is injected. 

The more successful gas turbines, however, are those operating 
by combustion at constant pressure. In this type the air and 
fuel (oil or gas) are delivered under pressure to a suitable com- 
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Fic. 227. Diagrammatic Iliustration of the Combustion Chamber and Steam 
Coils of a Modern Gas Turbine. 


bustion chamber A in Fig. 221 which is maintained at a red 
heat, so that the combustion is continuous. The products of 
combustion are usually cooled by water which is injected into the 
nozzle as in the explosion type. The heat energy in the burned 
gases is converted into velocity in an expanding nozzle N and are 
discharged at a high velocity upon the blades R of the turbine 
wheel. Designers of this type of gas turbines have generally 
assumed that nozzles and wheels of the De Laval type are most 
suitable, and their energies are devoted at present to the pro- 
duction of a suitable combustion apparatus and a high efficiency 
rotary compressor. Fig. 222 shows a typical small gas turbine 
set up for a brake test. 
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Fic. 228, A Gas Turbine set up for a Brake Test. 
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In practice the combustion chamber is lined with carbo- 
rundum, and to allow for expansion the carborundum is backed 
with sheets of asbestos to provide a soft and elastic packing. 
Exhaust gases are usually discharged over a coil boiler L, and 
the steam which is produced is also delivered upon the turbine 


Fic. 229. Arinengaud and Lemale’s Gas Turbine. 


wheel by a separate nozzle M. When the turbine is in operation 
the lining becomes sufficiently hot to ignite the fuel as it is 
forced into the chamber. 

A gas turbine of this latter type designed by Arinengaud and 
Lemale of Paris is illustrated in Fig. 223. It is a machine 
developing 300 net horsepower at 4ooo revolutions per minute. 
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A Rateau turbine-compressor shown direct connected to the gas 
turbine in Fig. 224 has been specially designed and built by 
Brown, Boveri & Co. of Baden, Switzerland, for use with this 
turbine. The compressor gives a mechanical efficiency as high 
as 65 to 70 per cent. and delivers 1 cubic foot of air per second 


Fic. 230. Arinengaud and Lemale’s Gas Turbine Direct Connected to a 
Rateau Turbine-Compressor. 


at a pressure of from 6 to 7 atmospheres. Compressed air is 
used for starting, and a simple ignition device is used for firing 
the charge till the combustion chamber becomes sufficiently 
heated. M. Barbezat, who has now charge of the development 
of this turbine, states that the total efficiency is not as high as 
that of reciprocating gas engines; but no data are given. 
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Gas turbines have been applied practically for the propulsion 
of submarine torpedoes. Formerly some types of torpedoes 
received their motive power from a rotary motor like a turbine 
wheel, driven by compressed air. Recently gas turbines have 
been installed with an obvious gain in power and saving in weight. 
These gas turbines develop 120 horsepower at rooo revolutions 
per minute. The expansion ratio of the nozzles is 8.4 and the 
weight per horsepower, without the compressor, is 1.3 pounds. 

It is obvious, then, that great progress has been made recently 
in the development of the gas turbine; and when the ratio of 
progress is compared with the time required to bring the recip- 
rocating gas engine to its present state of development, there is 
reason for hoping for greater accomplishments in the near future. 
The gas turbine question includes, however, a number of un- 
solved problems; but, on the other hand, the sources available 
for their solution are numerous. The development of these 
machines will permit the utilization for power of mixtures of air 
with coal gas, petroleum, or alcohol; and it will also make possible 
a combination of the explosion motor and the steam turbine for 
many purposes. 

The problem is laid plainly before the physicist, the engineer, 
and the machinist, and to bring about a satisfactory solution will 
doubtless require all their combined resources. 

Questions of Theory, The success of the steam turbine 
naturally directed the attention of engineers to the possibilities 
of the gas turbine with the expectation of combining the high 
thermal efficiency of the gas engine with the constructive advan- 
tages of the steam turbine. 

As explained in the preceding pages a gas turbine can be 
operated by either of two methods: 

(1) By combustion of the fuel in a chamber at constant pressure. 

(2) By an explosion method. 

Combustion at constant pressure seems to be the more practi- 
cable method and is the one generally adopted.* In the opera- 


* Theoretically the same efficiency should be secured with either of these two 
systems of combustion. Combustion at constant pressure is an adaptation of the 
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tion of this method gas and air are compressed in separate 
chambers or compressor tanks to a suitable pressure, usually 
about 100 pounds per square inch absolute. The gas and air 
are admitted through separate valves to the combustion chamber, 
where the gas is ignited and burned at constant pressure. Just 
as in a reciprocating gas engine, the air is provided to furnish the 
oxygen to support combustion. After combustion the burned 
gases escape through a suitable nozzle to impinge on the blades 
of the turbine wheel. On account of the extremely high temper- 
atures resulting from the combustion (about 2500 degrees F.), 
it is impracticable to design a gas turbine with more than one 
pressure stage and therefore only ‘“‘nozzle types” can be used. 
Comparison of Losses in a Gas Turbine and in a Gas Engine. 
It is reasonable to assume that the radiation and cooling water 
losses will be about the same for a gas turbine as for a recipro- 
cating gas engine; and from a practical viewpoint the work 
required for the compression of gas and air is about the same 
for combustion at constant pressure as for explosion. After 
eliminating, therefore, the radiation, cooling water, and com- 
pression losses the same energy remains for utilization in each of 
these two prime movers. In gas engines from 20 to 25 per cent. 
of this energy is lost in the suction and exhaust resistances, engine 
friction, and the heat loss in the exhaust. Corresponding to these 
losses in the gas engine, there are in the gas turbine losses due 
to nozzle, blade, and disk friction, the heat in the exhaust, and 
bearing friction. The sum of these lattes losses in a steam tur- 
bine would be about 4o per cent., and they will probably be not 
much different, in the total, in a gas turbine. It is argued in 
favor of the gas turbine that it is not impossible “to isolate the 
well-known Brayton cycle. It has been shown that exactly the same thermal 
efficiency can be secured by such combustion as in the ordinary explosion process 
if it is assumed that the specific heat of the gases is practically constant and that the 
final pressure after compression in the explosion motor is the same as the constant 
pressure of combustion in the Brayton cycle. It follows then that the ideal gas tur- 


bine will theoretically operate with the same fuel consumption per unit of power 
as the ideal four-cycle gas engine. (Cf. Lorenz, Zeit. Verein deutscher Ingenieure, 


1900, page 252.) 
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combustion chamber internally” so that no cooling water will 
be needed. 

The greatest practical difficulty in the way of the successful 
operation of gas turbines results from the high temperature of the 
gases at end of expansion. Nozzles can be cooled by water- 
jacketing, but the wheel blades are liable to rapid deterioration. 
The necessity for lowering the temperature of combustion is now 
generally recognized, and the hot water from the water jackets is 
sprayed into the compressed air supplied for combustion. By 
this means the temperature in the combustion chamber can be 
greatly reduced but at a considerable loss, however, in efficiency. 
It is making, in other words, the efficiency of the gas turbine 
approach the lower thermal efficiency of the steam turbine. 

It seems probable that the most promising field for the gas 
turbine will be found to be in the utilization of bituminous coals 
forming tar and asphaltum when used for making gas. Such 
coals cannot be used in the manufacture of gas for reciprocating 
gas engines, as the accumulation of tarry matter in the cylinders 
is particularly objectionable. In a gas turbine, however, the gas 
is burned under pressure, in an enclosed chamber where accumu- 
lations of foreign matter cause no serious difficulties. 

It cannot be expected that gas turbines can be commercially 
successful for general power purposes if a reciprocating compressor 
must be used in connection with them, because a gas turbine with 
a compressor of this type is quite as complicated as the recip- 
rocating gas engine. Compressors of the rotary type, on the other 
hand, have usually a very low efficiency; probably in most cases 
not more than 50 per cent. Decided progress is being made in 
the successful designing of compressors of the turbine type which 
will give from 60 to 70 per cent. efficiency. It is not difficult to 
understand how the net useful work of a gas turbine may be nil 
under conditions that are not unusually poor. For if the effi- 
ciency of the turbine is 60 per cent. and the theoretical work of 
compression is 40 per cent. of the output (which is not an absurd 
estimate), then with a compressor efficiency of only 4o per cent. 
the theoretical power absorbed by the compressor is 60 X .40, or 
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24 per cent. of the output, or the actual power delivered to the 
compressor is 24 + .40, or 60 per cent. of the output. And the 
compressor takes all the power the turbine can supply. It is 
obvious then that compressors with the usual low efficiencies of 
the rotary types are not worth considering. 


BRAYTON CYCLE CALCULATIONS FOR GAS TURBINES. 
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THERMODYNAMIC THEORY OF THE GAS TURBINE. 


The elementary thermodynamics of the gas turbine involve 
apparently no new investigations. The problems are princi- 
pally mechanical and metallurgical. In the above table the 
efficiencies of various gas turbine cycles are given as calculated 
by Sanford A. Moss. Im all cases it is assumed that the heat 
of combustion is developed at constant pressure and that the 
exhaust gases are discharged at constant pressure. Cases I and 
II refer to theoretically perfect engines, and cases III and IV to 
engines with probably normal losses. It is assumed for these 
latter cases that the turbine efficiency is 70 per cent. and of the 
compressor is 83 per cent.* The efficiency of the regenerator 
used for the cases of isothermal compression is taken to be 60 
per cent. These figures are certainly above the upper limits of 
possible results in practice. 

Thermodynamic efficiencies of gas turbines operating with 
combustion at constant pressure will now be discussed. The 
equations given are, in most cases, those relating to a perfect 
gas. 

The total heat H of a gas at constant pressure may be expressed 
by the following equation: 


H=c,T + RT= (c, + R) T= c,T + constant, 


where T is the absolute temperature, c, and cp are respectively 
the mean specific heats of the gas at constant volume and con- 
stant pressure between zero temperature and T, and R is a con- 
stant varying for its value with the kind of gas. 

Fig. 225 represents the cycle of operations when a pound of a 
mixture of gas and air is compressed and later expanded in doing 
work. Adiabatic compression is assumed. One pound of the 
mixture is taken into the compressor cylinder at the temperature 
To and volume v, and is compressed as represented by the adia- 
batic O 3 to the temperature T, and volume v,. In the passage 
to the combustion chamber it will be assumed for simplicity in 


* Efficiencies of 60 per cent. for the turbine and not more than 70 per cent. for 
the compressor would probably be more reasonable. 
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the calculations that the temperature drops to the initial temper- 
ture T,. If the total heat contents at the points 0, 3, 3’, 4, and 
5 are represented by the corresponding symbols H,, H,, H,’, H,, 


Abs. Pressure ———> 


Fic. 231. Diagram of the Theoretical Action of a Gas Turbine and 
Air Compressor. 


and H,, the indicated work of compression is the area 0123, 
which will be represented in heat units by 


W, =H, — H,. 


It is assumed, however, that immediately after compression the 
temperature falls to T,, so that the volume is reduced from vy, to 
v,- Now because the point 3’ is on the isothermal O 3’, it is 
obvious that H, = H,’. During combustion a quantity of heat 
Q, is added to the mixture, increasing the temperature to T, and 


the volume to v,; or, in other words, 
Q,=H, — Hy. 
When the gaseous mixture is expanded the work W, is per- 


formed, which may be calculated after determining H, in the 
preceding equation; then 


W,=H, — H, 
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The heat lost by the exhaust gases in cooling from T, to Ty is 
H, — H,; and since this quantity is called Q,, we can write 


Wi (H, i H,’) a (H, a) Q, — Q, 
and placing H, for H,’ it is apparent that 
WwW, =H, ae H,=Q, — Q,. 


The theoretical discharge velocity V in feet per second at 
the mouth of the expansion nozzle is calculated from the usual 
equation, 

Vy? 


a eens = Q,= H, — H, = c, (T, — T;). 


Using the same symbols as before for the indicated work of 
compression, the theoretical effective power of the turbine is 


W. = W, — W. =9,—Q, — We. 


If the mechanical efficiency of compression is x and the efficiency 
of the gas turbine, y, is determined in the same way as for a steam 
turbine, by constructing velocity triangles and calculating the 
nozzle, blade, and wheel friction losses for a single stage turbine, 
then the theoretical net power of the turbine is 


W! = Q.-Q)y—~. 


Since the heat consumed per pound of the mixture is Q,, the 
total efficiency z of the gas turbine apparatus is 


z= (@.-Qy-~)=Q, 


Efficiency of Gas Turbine with Water Injection. If m pounds 
of water are injected into the combustion chamber just before 
the expansion begins, an equal weight of steam is found, which 
it will be assumed is superheated to the temperature T,’, which 
will now be also at the temperature of the mixture, lower, of 
course, than T,. 
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The temperature of the mixture of burned gases and steam 
T, is calculated by solving the following equation: 


Cp (a; re a) =m Ah = Ub a ae a Cy’ (t,’ = he 


where q,’ is the heat of the liquid, r,’ is the heat of vaporization, 
and t,, is the temperature of saturated steam, —all at the 
corresponding pressure P,’.* The other new symbols are qi, 
which is the heat of the liquid at the injection temperature, and 
Cp’, which is the specific heat of superheated steam. In this 
equation t,’ and t,, are ordinary (not absolute) temperatures. 

The temperature T,/ is calculated for assumed adiabatic expan- 
sion by using the exponent k’ calculated from the equation 
below: 


Kr — Cer + Mey, 


? 
Cy, iP MC, 


in which the subscript 1 refers to the specific heats of the mixture 
and the subscript 2 to specific heats of the steam. The temper- 
ature T,’ is used to determine the value of Q,, which is the quan- 
tity of heat abstracted from the mixture to cool it from the 
condition at 5 to the condition at o. It is calculated from the 
following equation: 


Q, a 10) bcp (4 —t,;) ay tes ee q5/ oy Go} a Cp(t,’ —1,)- 


In this equation t,’ is the “ ordinary” temperature corresponding 
to the absolute temperature T,’, t,, is the temperature of satu- 
rated steam, r,’ is the heat of vaporization, and q,’ is the heat of 
the liquid, — all at the pressure p,’; q, is at the temperaturet,. It 
will be assumed also that t, is less than t,, and that the latter is 


* The “‘partial”’ pressure of the steam at the temperature T,/ can be calculated 
approximately by the formula 


P/ = 


4 


47 m 
Poem, Se 
29.3 + 47m 
if we assume the constants for the exhaust gases are the same as for air. In the 
same way the “partial” pressure of the steam after expansion is calculated thus: 
47m 


jefe a St Ag 
: LER CB EE 


484 THE STEAM TURBINE 


less than t,’, as is generally the case, neglecting the small quan- 
tity of heat in the water vapor remaining in the mixture at the 
temperature t, after the burned gases and steam have been dis- 
charged from the nozzle. 

We can write the following equations, applying the same 
methods as for the case without the use of injection water: 


V7(1+m) 
=Q, re Q,, 


2g X 778 

Wi = (Q,-Q)y— US 
(Q,-Q) ¥- 

: ae ae ae 


Total efficiency, z, increases with the pressure of compression to 
a certain limiting value and then decreases. But for the practi- 
cable values of compressor and turbine efficiencies (x and y) the 
values of the theoretical total efficiency are not particularly good. 

The equations given here for velocity and efficiency can be 
used to investigate the best operating conditions by varying the 
pressure of compressions and the quantity of injection water. 

Another method for reducing the temperature of the gases is 
to use a large excess of air above the quantity needed to support 
combustion. The most economical method is probably that of 
partly vaporizing the cooling water in the water jackets. The 
advantage of using water is that likewise it does not need to be 
compressed, and therefore it can be injected into the combustion 
chamber without the expenditure of much energy. 

Many of the troubles in the combustion chamber of a gas 
turbine are difficult to explain. One of the most serious diffi- 
culties is the occasional missfire of the incoming charge which is 
soon followed by a violent explosion. It is also difficult to secure 
smokeless combustion. Improvements are being made, how- 
ever, with the object of maintaining higher temperatures in the 
combustion chamber, and the results are encouraging. 


CHAPTERUXVIT 


ELECTRIC GENERATORS FOR STEAM TURBINES, 


In the early years of the development of steam turbines it was 
the primary aim of the turbine engineer to reduce the speed of 
the turbine to operate satisfactorily when direct connected to 
electric generators. To accomplish this purpose De Laval 
introduced his famous helical gearing and Curtis applied the 
_ principle of velocity stages. To-day, however, the trend of 
developments is in the other direction. The electrical engineer 
is being urged to use his best skill to design generators to operate 
satisfactorily at higher and higher speeds, because in this way 
the efficiency of the turbine can best be increased. Very great 
strides have been made in the perfection of alternators for steam 
turbines; but in the design of direct-current generators to operate 
at high speeds much is still to be desired. In fact, for high 
speeds, commutation is indeed a very difficult problem. The 
potential difference between adjacent commutator bars of engine- 
driven direct-current generators is usually about 10 volts; while 
for turbine-generators the limit is about 30 to 4o volts per bar. 


DIRECT-CURRENT GENERATORS. 


Sparking Limit. In slow-speed direct-current generators the 
output is limited either by the sparking or by the heating. On 
account of the necessarily small dimensions of the armature and 
the extremely high periodicity, with the resulting large iron losses, 
it becomes necessary, on the other hand, in a high-speed generator 
to employ artificial cooling devices. With the use of forced 
ventilation heating is no longer a factor limiting the output, and 
the difficulty lies then principally in the sparking. The quality 
of the commutation in any electric generator depends largely on 
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the number of ampere-turns which can be placed on the surface 
of the armature; but there are also a number of other electric 
and magnetic conditions to be considered, particularly the effec- 
tiveness of the commutating poles,* located between the main 
poles. Another important factor is the mechanical condition 
of the armature, commutator, and brushes, which determines in 
a large measure the sparking limit. 

On the basis that the maximum permissible ampere-turns per 
centimeter of the circumference of the armature determine the 
maximum output the following table has been calculated. At 
an assumed permissible peripheral velocity of 75 meters } per 
second t (about 245 feet per second), this table shows the maxi- 


Revolutions Diameter of Output 


per Armature in in 
Minute. Centimeters. | Kilowatts. 
4780 30 148 
2870 5° 347 
1800 80 670 
1435 100 890 
895 160 1585 
720 200 2080 


* When artificial commutation is secured by auxiliary poles placed between the 
main poles of a generator, short-circuit currents and sparking can occur only when 
the electromotive force induced by the commutating field is different from the 
reactance voltage 

Tt The C. G. S. (metric) system of units is applied in this chapter because it is 
the one commonly used by designers of electrical machinery in America and 
in England. 

{ It is usually found that the end shells or shields protecting the connections in 
a revolving armature have stresses most nearly approaching the allowable limits. 
Stresses in these end shells are calculated as in a ring or band, by the following 
equation, as expressed approximately in C. G. S. units, 


Vino \/82, 
£4 


where V is the peripheral velocity of the ring in meters per second, z is the weight 
of a cubic centimeter of the material, and Sa is the allowable unit stress in kilograms 
per square centimeter. Since the allowable permissible stress of bronze castings is 
about 260 kilograms per square centimeter, the maximum allowable velocity is only 
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mum dutputs and speeds which at the present time are obtain- 
able in the very best designs of direct-current generators.* 

This table shows that the armature of direct-current generators 
cannot be constructed to give the required output at the usual 
speeds adopted in America for Parsons turbines, and that with 
Curtis turbines, which operate at slower speeds, the limit is 
reached at 1500 kilowatts full load capacity. 

There are two ways of overcoming the limitations of direct- 
current generators for turbine service. One way is to design the 
turbines for lower speeds, which entails, however, increased cost 
and a sacrifice of economy. ‘The other way is to adopt the tan- 
dem arrangement of connecting two generators to one turbine 
as in the usual De Laval designs for the larger sizes. 

There is a constant demand for direct-current generators of 
larger capacities than are now employed, and the problem of 
increasing the capacity of the generator is becoming very impor- 
tant. The successful production of such machines suitable for 
much higher speeds than are now attainable would be an improve- 
ment effective in two ways: (1) by lowering the steam consump- 
tion and (2) by reducing the first cost; and as a result the field 
of the high-speed reciprocating engine would be still more 
restricted. 

Flash-over Limit. In ordinary slow-speed direct-current 
generators the only electrical limit to the capacity is sparking. 
In high-speed machines, however, a new difficulty known as the 
flash-over limit is met. Its effects are often as serious and as 
difficult to remedy as any of the commutation troubles. A great 
many designs of high-speed direct-current generators with 
satisfactory commutating qualities have been failures because 
of their tendency to arc around the whole commutator. This 
trouble must be attributed primarily to the very high potential 
55 meters per second; and considering the additional load due to the end connec- 
tions the permissible velocity becomes only about 50 meters per second. If, how- 
ever, phosphor-bronze or manganese-bronze castings with an allowable stress of 


600 kilograms per square centimeter are used, a peripheral velocity of 75 meters 


per second is not excessive. 
* R. Pohl, Proc. of Inst. of Elec. Engrs., 1907. 
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difference between adjacent commutator bars -— usually about 
three times the permissible value in slow-speed generators. 
Usually this difficulty can be remedied by increasing the insula- 
tion of the shrinkages and of the brush-gear. It is the flash- 
over limit, therefore, which determines the allowable voltage 
per commutator bar and restricts the number of “lines” or flux 
allowed to enter or leave an armature of a given diameter. 

The most obvious line of improvement in turbine-driven 
direct-current generators is in increasing the peripheral speed of 
the armature. Steel alloys of very low magnetic conductivity 
and high tensile strength used in the place of phosphor-bronze 
for the end shields of the armature will permit the adoption of 
considerably higher peripheral speeds than are now allowable. 
If we compare two machines of equal output and speed but with 
armatures of different diameters in the ratio of 1 to 2, the arma- 
ture with the larger diameter will be only one-fourth as long as 
the other; while with the same voltage for both the number of 
conductors and segments will be doubled.* 


ALTERNATING-CURRENT GENERATORS. 


The design of alternators with revolving fields to operate at 
high speeds is not nearly so difficult as for commutating machines. 
Speed limits are usually determined by the strength of suitable 
materials for their construction. When it became the general 
practice to enclose high-speed generators in a sheet-metal casing 
and to adopt forced or artificial ventilation produced by small 
fans circulating air through the generator windings, it was 
possible to regulate the heating limit so that heavier overloads 
could be carried and for longer periods of time than was possible 
before. By this method the excessive noise of the early turbine- 
generators was, at the same time, eliminated. 

For the windings of the revolving fields of high-speed alterna- 
tors, flat strap copper is used by most manufacturers. To make 
the field spools as small and compact as possible this strap copper 


* The voltage per segment is approximately inversely proportional to the 
peripheral velocity of the armature, 
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is sometimes coated with a thin layer of enamel for insulation, 
instead of the usual cotton covering. The necessity of making 
the exterior surfaces of revolving fields as smooth as possible is 
generally appreciated by designers. 


GENERATOR EFFICIENCIES. 


Average efficiencies of the best designs of alternating-current 
generators intended for operation with steam turbines are given 
in the following table: 


Efficiency of 
Alternator, 
Per Cent. 


Rated Full Load Capacity, 
Kilowatts. 


50 to 150 


200 to 400 

500 to goo 
1000 to 2500 
3000 to 5000 
6000 to 10,000 


The efficiency of direct-current high-speed generators is about 
one per cent. less than that of alternators of the same capacity. 


APPENDIX. 
EXERCISES ON STEAM TURBINES. 


Exercise 1. What is the velocity of steam discharging at the rate of 200 
cubic feet per second through a nozzle having a cross-sectional area of 0.2 
square foot? Ans. 1000 feet per second. 


Exercise 2. If the steam discharging from the orifice mentioned in the 
preceding exercise weighs .0322 pound per cubic foot, how much energy 
in foot-pounds per second can this jet develop? How much horsepower? 

Ans. 100,000 foot-pounds per second. 181.8 horsepower. 

Suggestion: From elementary mechanics we have the information that 
the kinetic energy K (sometimes called capacity to do work) of any moving 
fluid, such as steam, gas, or water, is 


wv: 
22 . 
where W is the weight of the fluid discharging per second, V is the velocity 


of flow in feet per second, and g is the acceleration of gravity or 32.2 feet 
per second. 


By definition (in English units) one horsepower is equivalent to 550 
foot-pounds per second. 


K = 


Exercise 3. If the vessel shown in Fig. 33 discharges 40 pounds of water 
per second at a velocity of 161 feet per second, what is the force (impulse) 


pushing the wooden block away from the vessel ? Ans. 200 pounds. 
Also what is the force (reaction) pushing the vessel itself toward the 
left ? Ans. 200 lbs. 


Exercise 4. If water is discharged against flat blades of a water wheel 
made up of vanes similar to the block shown in Fig. 33 (page 60) at the 
rate of 3.22 pounds per second at a velocity of 2000 feet per second and is 
spattered from the wooden blocks with a “residual” velocity (leaving the 
vanes) of 300 feet per second, what horsepower is this water wheel capable 
of developing? Ams. 195,500 foot-pounds per second or 355.5 horsepower. 

Exercise 5. Steam of the same density as in the exercise at the bottom 
of page 66 discharges at the rate of 1739 pounds per hour and produces a 
reaction against the plate into which the same nozzle is inserted of 45 pounds. 
What is the velocity of discharge ? Ans. 3000 feet per second. 
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Exercise 6. The area of a nozzle at its smallest section is .72 square inch 
and discharges steam at the rate of .2 pound per second, of which the specific 
volume is 2.0 cubic feet per pound. 


(a) What is the velocity of flow? Ans. 80 feet per second. 
(b) What is the magnitude of the force developed by the reaction of 
this jet? Ans. } pound (nearly). 


(c) What is the maximum value of the impulse produced by this jet if 
friction and eddy losses reduce the eS a effective for giving the impulse 
by 25 per cent.? Ans. .37 pound. 

(d) If only part of the velocity available in (c) is absorbed in driving a 
steam turbine, so that the steam leaves the blades with a “residual” veloc- 
ity of ro feet per second, how many foot-pounds of work per minute are 


developed by the turbine? Ans. 652. 
(e) What is the horsepower equivalent of this number of foot-pounds 
per minute? Ans. .0198 horsepower. © 


(f) If this turbine drives a small electric generator having an efficiency 
of 80 per cent., what power in kilowatts will this generator develop? 

Ans. .o1tg kilowatt. 

Suggestion: A kilowatt is a thousand watts, and 746 watts are equiva- 
lent to a horsepower. 

(g) How much horsepower would be developed by this turbine if all the 
velocity as calculated in (a) is transformed into work? 

(hk) What is the efficiency of the turbine? 

Suggestion: Compare (e) and (g). If the velocity as calculated in (a) 
represents the total velocity equivalent of the available energy due to 
adiabatic expansion (constant entropy) then the answer to section (h) is 
called the Rankine efficiency of the turbine. 


Exercise 7. Calculate the horsepower developed by a steam turbine 
having two rows of moving blades. Upon the first row steam is directed 
at a velocity of 3000 feet per second and at the rate of 1.771 pounds per 
second. The steam is discharged from this row at a velocity of 1000 feet 
per second and is then directed upon a second row of blades from which it 
is discharged at a velocity of 200 feet per second. 

(a) Neglecting frictional and other losses, how much horsepower will 
this turbine develop? Ans. 448 horsepower. 

(6) How much power would be developed if there is a loss of velocity of 
Io per cent. in each row of blades? 


Suggestion: Actual velocity effective in first row of blades is 2700 feet 
per second which is discharged at 1000 feet per second. Work developed 
in this row is 1.771 (2700? — 1000”) + (64.4 X 550) in horsepower. Simi- 
larly work done in the second row is 1.771 (goo? — 2007) + (64.4 X 550) 
in horsepower. 


492 APPENDIX 


(c) What is the efficiency of the complete turbine when the losses stated 
are considered? ‘ 

Suggestion: Efficiency is total horsepower calculated in (b) divided by 
that found by considering only initial velocity (3000 feet per second) as 
in (g) of Exercise 6. 

Exercise 8. (Use of entropy-total heat chart.) 

Steam at an initial condition of 165 pounds per square inch absolute 
and roo degrees Fahrenheit superheat is expanded in a nozzle adiabatically 
to 20 pounds per square inch absolute pressure. 

(a) How much energy (in B.T.U. per pound) is converted into velocity? 

(b) If no losses are considered, what is the velocity in feet per second of 
the discharging jet? 

(c) If there are losses equivalent to 4 per cent. of the energy available, 
what is the actual velocity of the jet? 

(d) If the losses are equivalent to 2 per cent. of the theoretical velocity, 
what is the actual velocity of the jet? 

Exercise 9. Steam at the same initial and final conditions as in Exer- 
cise 8 is reheated by friction in the nozzles and blades so that the entropy 
at the final condition is 1.7. How much energy is available for doing work? 

Suggestion: Reading from the entropy-tota! heat chart, the total heat 
contents of a pound of steam at the initial condiuion is 1252 B.T.U. and at 
the final condition after reheating is 1135 B.T.U. (expansion is not adia- 
batic). Therefore, heat units available for work = 1252 — 1135 or 117 B.T.U. 

Exercise 10. A certain steam turbine having several stages takes steam 
initially at 165 pounds per square inch absolute and roo degrees F. 
superheat and expands it to 20 pounds per square inch absolute in the 
first stage. Friction and the transformation of residual velocity into 
potential (heat) energy returns 30 per cent. of the available energy in an 
adiabatic expansion back to the steam by “reheating” at the final pressure. 
If now in the nozzles of a succeeding stage of the turbine the steam is 
expanded to ro pounds per square inch absolute and reheated again by the 
same percentage at the latter pressure, how much energy (B.T.U.) is avail- 
able in each stage for performing work? What is the quality of the steam 
after each reheating ? 

Suggestion: In the normal adiabatic expansion from 165 pounds per 
square inch absolute and roo degrees F. superheat to 20 pounds per square 
inch absolute the available energy is 1252 — 1085 or 167 B.T.U., of which 
30 per cent. or 50.1 B.T.U. go to reheat the steam. The total heat con- 
tents of a pound of steam after reheating becomes then 1085 4+ 50.1 or 
1135.1 B.T.U. For the second stage the expansion is from 20 pounds per 
square inch absolute pressure and a total heat contents of 1135.1 B.T.U. 
(quality about .978) to ro pounds per square inch absolute, making the 
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available energy for adiabatic expansion 1135.1 — 1087 or 48.1 B.T.U. 
per pound. The reheating is 30 per cent. of this or about 14.3 B.T.U., which 
when added to 1087 gives 1101.3 B.T.U. as the total heat contents of the 
steam when passing into the nozzles of the next succeeding stage. At this 
condition the quality of the steam is about .g58. 

In actual designing the reheating in the last stage is not considered 
available, as will be observed in the design worked out on page 103. The 
reason for this is that a very large part of the reheating in the stages other 
than the last is due to the changing of the residual velocity of the steam 
as it leaves the blades into potential (heat) energy. This has been dem- 
onstrated by actual experiments which show that the steam enters the 
nozzle of an impulse wheel in every stage with practically negligible velocity. 
In the last stage the conditions, however, are different. The steam here 
leaves the blade with its residual velocity unchecked and passes off into 
the large exhaust passages provided for its unimpeded flow. 

Exercise 11. A turbine blade like the one shown in Fig. 43 moves with 
a velocity of 500 feet per second due to a steam jet passing over it which 
has a velocity of 3220 feet per second. If friction losses in the blade are 
not considered, and the weight of steam flowing per second is 1.0642 pounds, 
a is 20 degrees and 6 = y = 45 degrees, what is the total impulse force 
to which the blade is subjected in the direction of its motion (see page 76)? 

Suggestion: Since losses in the blades are neglected V,3 = V;2 and Vz2 = 
VV2+ V2— 2 V_V2cos a (Law of Cosines). 

All the terms in this equation are known so that V;2 or V,3 can be calcu- 
lated. 

Exercise 12. Taking the necessary data from the preceding exercise, 
state the proper angle for the backs of the blades (see Figs. 49 and 50), 
for the steam to enter without loss due to impact and eddying. (See page 
75+) 

Exercise 13. Explain the essential principle of operation of Hero’s 
engine. Indicate clearly in a figure the direction of rotation of this engine 
with respect to the direction of steam discharge from the nozzles. What 
is the difference in principle between Hero’s engine and Branca’s ? 

Exercise 14. Explain the actual difference between the commercial types 
known as impulse and reaction turbines. 

Exercise 15. Why have the stationary blades or buckets shown in 
figures like 39, page 68, a curvature in the opposite direction to that of all 
the moving blades? 

Exercise 16. Why is the rotation loss when stated in per cent. of rated 
output less for a large size turbine than for a relatively small one? 

Exercise 17. Design a nozzle, showing all the important dimensions, 
for expanding steam from the initial condition of 165 pounds per square 
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inch absolute, and roo degrees F. superheat to a final condition cf 4 pounds 
per square inch absolute. Assume that the nozzle loss is 3 per cent. of the 
velocity and that the rate of flow is to be Ys pound per second. (See pages 
I0Q-III.) 

Exercise 18. Dry steam expands in the nozzles of a simple impulse tur- 
bine from 165 pounds per square inch absolute to 1 pound per square inch 
absolute (about 28 inches vacuum). Draw velocity diagrams, allowing for 
no losses, and determine the proper blade angles when @ equals y. The 
nozzle angle is to be, as usual, 20 degrees and the peripheral speed of the 
blades or buckets is 1200 feet per second. 

Calculate the energy absorbed or given up to the blades or buckets per 
pound of steam as well as the steam consumption of the ideal turbine 
(theoretical water rate) and the steam consumption of this turbine as de- 
termined from the energy absorbed by the blades or buckets. 

Sketch with a reasonable degree of accuracy the outlines of the blades or 
buckets. 

Exercise 19. Recalculate and redesign the blades for the conditions 
given in Exercise 18 when the nozzle loss is 3 per cent. of the theoretical 
velocity developed and the blade losses are obtained from Fig. 51, page 101. 

Observe and discuss the change in blade angles caused by including the 
losses in the design. 

Calculate (1) the work done in foot-pounds per second per pound of 
steam; (2) the steam consumption per horsepower-hour and the efficiency 
of the turbine. 

If the speed of the turbine is 20,000 revolutions per minute, find the 
diameter of the mean blade circle. 

If five nozzles are used for a maximum load of 50 horsepower, find the 
diameter at the throat of each of these nozzles, assuming they are all of the 
same size. 

Exercise 20. Make the necessary calculations and draw velocity diagrams 
and neat sketches of the blades for an impulse turbine having two pressure 
stages and two rows of moving blades, that is, two velocity stages in each 
pressure stage, for the following requirements: 

The initial pressure of the steam supplied to the turbine is 165 pounds 
per square inch absolute and is expanded in the first set of nozzles to 20 
pounds per square inch absolute. In the second set of nozzles the pres- 
sure falls from 20 pounds per square inch absolute to 2 pounds per square 
inch absolute (about 26 inches vacuum). The nozzle angles are 20 degrees 
and the peripheral speed of the blades or buckets is 500 feet per second, the 
nozzle loss is 2 per cent. of the theoretical velocity, and the blade losses are 
to be taken from Fig. 51. Assume that the windage, leakage, and bearing 
losses amount to 30 per cent. of the energy developed by the action of the 
steam in the blades. Steam is initially superheated 100 degrees Fahrenheit. 
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The rating of the turbine is to be for 100 horsepower at 1800 r.p.m. 
Calculate the number of buckets and the height of the buckets for the 
first row in the first stage and for the last row in the second stage. 

Observe that the height of the blades for the first row in each stage is 
determined by the height of the nozzles which discharge into the blades. 


Exercise 21. Design the blading of a reaction turbine for the same con- 
ditions given in the second exercise on page 145, except that the initial 
steam pressure is to be 175 pounds per square inch absolute, and the final 
pressure 4 pound per square inch absolute. 


Exercise 22. Design a combined impulse and reaction turbine, taking 
the general data the same as for the preceding exercise and the expansion 
in the impulse section to be from 175 pounds per square inch absolute to 
40 pounds per square inch absolute. The expansion in the reaction blading 
is to be from 40 pounds per square inch absolute to $ pound per square inch 
absolute. 

Sketch the blades for the impulse section, assuming there are two velocity 
stages, and also the blades for the first and last stages in the ‘reaction 
section.” 


Exercise 23. Determine the velocity loss in feet per second in a nozzle 
having 98 per cent. efficiency at its proper expansion, which is from 125 
pounds per square inch absolute pressure to 28 inches vacuum (referred to 
30 inches barometer) when used for 

(I) 165 pounds per square inch absolute and 29 inches vacuum. 

(2) 9 pounds per square inch absolute and 26 inches vacuum. 

State also the corresponding energy loss in B.T.U. per pound of steam 
in each case, and by what percentage the efficiency of the Rankine cycle 
will be affected. In all cases mentioned the steam is initially dry satu- 
rated. 

Exercise 24. In a steam turbine of the type which is governed by a 
system of cutting out or closing nozzles rather than by reducing the pres- 
sure of steam (throttling), calculate the number of nozzles that will be 
open in this turbine for discharging steam at light load for the following 
conditions: 


SCAN PLESSUEC Hr. eis ois seme =~ 5 «ie 140 lbs. per sq. in. abs. 
Vacuum (referred to 30-in. barometer) 26.6 ins. of mercury 
NVLOISCULesIDESt Caliente tenet ent tale 2.0 per cent. 

Steam used by turbine per hour.... 720.0 lbs. 

Wrearomeachanozzlennmr mer cr ri 0.0243 sq. in. (diam. 0.176 in.) 


Actual observations of vacuum as made with a gage or mercury column 
are corrected to equivalent vacuum compared to (or “referred to”) 30-inch 
barometer by adding to the observed vacuum the difference between the 
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corrected barometer reading and 30-inches when the barometer is less than 
30 inches. Similarly, the difference as above is subtracted when the barom- 
eter is greater than 30 inches. ~ 

Exercise 25. Calculate the flow of steam (pounds per hour) through 
the total area of the nozzles operating in the preceding exercise if the steam 
supplied is superheated 100° F. instead of being 2.0 per cent. wet. 

Exercise 26. Construct in plan view two impulse steam turbine blades, 
having given the following data: — 


RGN EIPIECH Seco 505 she ais a. nda ni ees etn ao oe ace ee ater eee 2 inch 
(DV IROL «fics 2a dene rag gal maa ee eee ee ane 1 inch 
) FANE (8 = 7) he an eRe oes wo Sage oe ee ee 30° 


Exercise 27. Given the following data, compute the height of the blades 
of the turbine wheel of which they are a part: — 


(ae Mean bladetdiameter: s2= asec ee enti ere 2.65 feet 
CD ATE 2 os ty. sera Sa ela aor ood ar a 30° 
(¢)) Area: oftatal nozzle mouths ws. e oe eee 3.5 Sq. ins. 


(d) Consider length of the areas represented by the total area, as in 
Fig. 48, namely, 2 X 32D. 


Exercise 28. Taking from page 103 the following data, we have pressure 
of steam entering the second stage nozzle is 35 pounds per square inch abso- 
lute; quality of steam entering the second stage nozzle is 0.985; pressure of 
steam leaving the second stage nozzle is 27 pounds per square inch absolute; 
also taking from page 110 the 1.52 pounds of steam used per second, use 
Grashof’s formula together with proper cross-section curves, and assuming 
twelve nozzles in the diaphragm between the first and second pressure 
stages, calculate the following: — 

(a) The area A, at the throat of the second stage nozzle. 

(b) Considering an orifice of square cross section at the throat, what is 
the length of one side? 

(c) On a basis of the foregoing assumptions and using the chart on page 
49, what is the area at the mouth? What is the value of the dimension y 
for this nozzle? (See Fig. 55.) 

(d) What is the value of the dimension g (Fig. 55) ? 

Exercise 29. Consider a station equipped with an engine and electric 
generator of 5000 kilowatt rating. It is proposed to operate at a load 50 
per cent. greater than the rated load. The steam consumption of the engine 
at 50 per cent overload is 19 pounds per kilowatt per hour. 

A turbine of 5000 kilowatt rating is suggested instead. At 50 per cent. 
overload its steam consumption is 15.4 pounds per kilowatt per hour. 


Notr. — This example refers to curves in Fig. 79. Observe the statement in 
the first paragraph on page 174. 
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(a) What is the difference in steam consumption of the two machines at 
the 50 per cent. overload conditions? Considering operation for 24 hours 
per day for 300 days in a year and with steam costing 16 cents for 1000 
pounds, what would be the saving accomplished per.year by replacing the 
engine by the turbine? 

(0) If the engine were sold as second hand for $5000 and the turbine 
cost, installed, $22 per rated kilowatt, in what time would the saving in 
steam consumption pay for the turbine? 

(c) Considering that every additional 34.5 pounds of steam (‘‘ from and 
at 212° F.”) used means one extra boiler horsepower, how much more steam 
capacity (expressed in terms of boiler horsepower) would be required to 
supply the engine than the turbine at 50 per cent. overload? 

(d) If two 400 horsepower boilers costing $13 per horsepower could be 
omitted by installing the turbine, what would be the yearly profit due to 
saving the interest on the cost of the boilers in addition to the saving on 
the cost of steam, allowing interest at 6 per cent. 

Exercise 30. Referring to Fig. ora, if the steam consumption of a De Laval 
turbine were 25 pounds per kilowatt per hour, what would it be if the 
steam were superheated 20°, 60°, 150°, 190° F.? For the same interval 
of 40 degrees under low and high superheat conditions which range, that 
is between 20° and 60° F. or between 150° and 190° F., produces the greater 
reduction in steam consumption ? 

Exercise 31. Referring to Fig. orb, suppose the steam consumption of a 
De Laval turbine operating under no vacuum conditions were 45 pounds 
per kilowatt per hour, what would it be if operated with vacuums of 9 
inches, 19 inches, and 28 inches? In each case which range of 9 inches, 
that is, between o and g inches or between 19 and 28 inches produces the 
greater improvement in steam economy? 

Exercise 32. How are the difficulties as to the critical speed of the 
shaft of a Parsons turbine met? 

Exercise 33. In designing for the blade speeds in a steam turbine, why 
is not the total pressure drop divided by the number of stages? Instead 
of designing for a uniform pressure drop throughout the stages, what 
other important feature is it considered better to have approximately 
constant in a given section? 

Exercise 34. Considering in Fig. 105 the lines plotted for condensing 
performances, what causes the upward turn beginning at about 15 per cent. 
overload ? 

Exercise 35. (a) In Fig. 106 the improvement in steam consumption 
per inch of vacuum is shown. How many degrees of superheat added to 
“dry” steam would produce the same amount of saving as to steam con- 
sumption as by increasing the vacuum from 27 to 28 inches? 
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(b) Why is the nozzle block in the “double flow” Westinghouse turbine 
made quite separate from the turbine casing? 

(c) What are the advantages and disadvantages of the ‘‘double flow” 
type of reaction turbine and why is not this type used for sizes below 5000 
kilowatt rating ? 

(d) What type of turbine is shown in Figs. 112 (c) and 112 (d)?_ What 
type of turbine is used for the high pressure element in the turbine sets 
shown in Figs. 112 (e) and 112 (f)? 

(ec) On what two factors does the choice of the arrangements shown on 
pages 224 and 225 depend? ‘ 

(f) In the following table fill in under each column in its proper space 
the letters D. F. for “double flow” and C.C. for ‘‘cross compound,” in 
accordance with the description on pages 223-220. 


More Cos D 
- Cheaper Con- age sali More Floor ie pa 
Type of Turbine. “ Construct and i nomical in 
struction. Area Required. z 
Install. Operation. 


Doublemow.s. +... 


Cross compound...... 


Exercise 36. What advantages has the Westinghouse impulse turbine 
over the De Laval and Curtis types? 

Exercise 37. (a) In what way does the Rateau turbine differ from the 
Curtis turbine as to velocity stages? 

(b) How is increase in nozzle area accomplished in the diaphragms of 
the Rateau turbine shown on page 251? 

Exercise 38. Referring to Fig. 161, what is the steam consumption per 
kilowatt per hour at full load (600 kilowatts)? What per cent. increase is 
there at half load in steam consumption per kilowatt per hour over that 
at full load? 

(a) When throttling? 

(6) When not throttling? 

Exercise 39. A De Laval turbine operates with steam with 2 per cent. 
moisture entering the nozzles at 165 pounds per square inch absolute and 
discharges into the wheel casing at 1 pound per square inch absolute. 
Allowing 3 per cent. loss in velocity due to friction, what would be the 
velocity of the jet as it impinges on the blades? If then valve (7) in 
Fig. 162 were to open, how would the valve shown in Fig. 163 act? Sup- 
pose now that while valve (7) is open, the valve in Fig. 163 throttles the 
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steam down to too pounds per square inch absolute, changing the pressure 
but not the total heat per pound of steam. With the help of the total 
heat-entropy chart and the velocity scale, determine the velocity of the 
steam impinging on the blades under the new throttled condition with the 
valve (J) open, after allowing for friction loss in the nozzle at the same 
percentage as given above. What will be the effect upon the speed of the 
wheel due to the change in steam velocity ? 

Exercise 40. What are the objections to controlling the admission of 
steam to each stage of Curtis or Rateau turbine of several stages? 

Exercise 41. Change the paragraph beginning at the bottom of page 283 
to read “Assume the load on the turbine has been decreased and the speed 
has increased, indicating that less steam is needed,’’ etc., follow on, using 
the same letters of that paragraph referring to Figs. 165, 166, and 167, 
and describe the action of the governing mechanism under these decreased 
load and increased speed conditions. 

Exercise 42. Ina Parsons turbine governed by the “blast” system there 
is a continuous flow of steam at the rate of three pounds per second when 
the valves are wide open. Under this condition the pressure in the tur- 
bine casing is 170 pounds per square inch absolute. The governor mechan- 
ism operates and the pressure in the casing falls to 100 pounds per square 
inch absolute. The time required for the pressure in the casing to drop 
from 170 to 10o pounds per square inch absolute (as obtained approxi- 
mately from the curve Fig. 174) is o.19 seconds. Determine the weight 
of steam entrapped in the casing during this interval of time. 

Exercise 43. (a) In order that overload conditions may be met more 
satisfactorily, how and to what points of the turbine casing is live boiler 
steam admitted ? 

(b) Suppose a turbine rated at sooo kilowatts, when operated at 25 
per cent. overload, requires 92,000 pounds of steam per hour, but takes 
this steam without the overload or by-pass valve opening; and suppose the 
guaranteed steam consumption at full rated load is 75,500 pounds per 
hour — then, taking the Westinghouse-Parsons 5000 kilowatt turbine listed 
in the table at the bottom of page 309, write in tabular form the steam 
consumptions per kilowatt per hour, at 3, 3, full, and 14 load conditions, 
considering the full load consumption given above, as roo per cent. Also 
in the same table beneath these steam consumptions per kilowatt hour, 
write the total steam consumption per hour. 

(c) By designating this turbine to take this 25 per cent. overload with 
the by-pass valve open, at what point of its output will the steam con- 
sumption be lowest, and should not this overload rating be really called 
the full load rating? 

Exercise 44. Under what conditions as to exhaust pressure and speed 
is a reciprocating engine somewhat more economical than a turbine? 
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Exercise 45. Lay off on a sheet of cross-section paper according to scale 
here stated, the values of the table at top of page 314. Use a long side of 
the cross-section paper as the bottom or lower edge of sheet, thus the 
short sides will form the left and right-hand edges. From the lower left- 
hand corner measure 1 inch toward the right and 1 inch up, and here 
establish the zero point for the plotting. Draw through this origin or 
zero point a horizontal and a vertical line (parallel to the edges of the 
paper). 

Lay off on the horizontal axis, from the origin at the intersection of the 
axes, 4, 8, 12, 16, 20, and 24, using a scale of 1 inch to every 4 units and 
write beneath this axis ‘‘pressure of steam at turbire admission valve in 
inches of vacuum.” 

Lay off on the vertical axis at the left a scale having each quarter inch 
division equivalent to one unit, beginning the scale at the origin which is 
to be marked “‘20.”’ Write along this axis ‘per cent. in output gained 
over output of engine when worked with high vacuum, the turbine exhaust- 
ing into a vacuum of 284 inches.” 

Plot the percentages in the table on page 314 as ordinates against their 
corresponding values of vacuum. 

Exercise 46. On a basis of the foregoing plotting, between what values 
of absolute vacuum is the best output obtained ? 

Exercise 47. (a) A compound reciprocating engine takes dry steam at 
165 pounds per square inch absolute and exhaasts into a condenser main- 
taining a 26-inch vacuum. Under these conditions its full load rating is 
1500 horsepower and its steam consumption is 15 pounds per horsepower 
per hour. What is the total steam consumption per hour? 

Ans. 22,500 lbs. 

(b) What is the steam consumption per kilowatt per hour, assuming that 
the 1500 horsepower delivers tooo kilowatts to the electric power lines? 

Ans. 22.5 lbs. 

(c) It is contemplated to install a low pressure turbine to take steam 
from an engine at 16 pounds per square inch absolute. The engine valves 
will be reset so that when taking dry steam at 165 pounds per square inch 
absolute (1 pound gauge), the engine will require 18 pounds of steam per 
indicated horsepower per hour. How much total steam will be required 
by the engine per hour if the indicated horsepower of the engine is 1500? 

Ans. 27,000 lbs. 

(d) Suppose that when steam exhausts from the engine ro per cent. is 
lost as moisture of condensation, how much steam should be supplied to 
the engine in order that 27,000 pounds net may be exhausted from the 
engine to the turbine? Ans. 30,000 lbs. 

(e) Considering a steam consumption of 18 pounds indicated horse- 
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power per hour, what would be the indicated horsepower of the engine 
when receiving this 30,000 pounds of steam per hour? 
Ans. 1666 I.H.P. 
(f) If 66.6 per cent. of this 1666 indicated horsepower represents the 
electrical power Jelivered to the power lines, what is its numerical value? 
Ans. 1110 kilowatts. 
(g) A low pressure turbine, installed to take this 27,000 pounds of steam 
per hour, uses 33.75 pounds per kilowatt per hour as measured at the power 
lines when exhausting into a vacuum of 28 inches. How much power in 
kilowatt-hours would be generated on a basis of this steam consumption? 
Ans. 800 kilowatts. 
(kh) What would be the combined output of the engine and turbine set in 
kilowatts ? if Ans. 1910 kilowatts. 
(<) What would be the steam consumption per kilowatt per hour of the 
combined set considering the steam supplied to the engine and the total 
output of the set in kilowatts? Ans. 15.7 lbs. per kilowatt per hour. 
(j) Consider that this 15.7 pounds of steam is increased to 18 pounds 
per kilowatt per hour because of the extra amount of steam required for 
the auxiliary machinery above that required by the auxiliaries used when 
the engine operated alone at about 26 inches of vacuum. What is the sav- 
ing in steam consumption per kilowatt per hour of the engine-turbine set 
as compared with that which existed when the engine operated alone? 
Ans. 4.5 lbs. per kilowatt per hour. 
(k) If originally the engine generated 1000 kilowatts per hour and now 
4.5 pounds per kilowatt per hour is saved, how much steam is saved per 
year when generating 1000 kilowatts continuously for 300 days of 24 hours 
each P Ans. 32,400,000 lbs. 
(1) If steam costs 17 cents for 1000 pounds leaving the boiler, how much 
money is saved per year on the 1000 kilowatts generated? 
Ans. $5508.00. 
(m) Assume the 800 kilowatt turbine costs $20 per kilowatt installed on 
foundations including exciter and switchboard. Assume also that the 
condenser with auxiliaries, together with intake and discharge pipes costs 
installed $12 per kilowatt of the rating of the turbine. The steam sepa- 
rator between the engine and turbine, together with extra valves and con- 
nective piping, cost $1000. What would be the entire cost of the installa- 
tion if 10 per cent. of the sum of the foregoing costs were set aside in addi- 
tion for engineering services and “extras.” Ans. $29,260.00., 
(n) The engine and turbine in combination generate t910 kilowatts as 
against 1000 kilowatts when the engine operates alone, thus increasing the 
output by 910 kilowatts. It costs 4 cent per kilowatt-hour to generate 
this additional output which can be sold to yield a profit of 3 cent per kilo- 
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watt-hour, what will be the profit on this extra output for a year of 300 
days for continuous ‘‘24-hour”’ operation ? Ans. $32,760.00. 

(0) What is the total income per year due to the saving of steam on the 
1000 kilowatts of the original output (as generated by the engine alone), 
plus the profit on the extra output of 910 kilowatts by the engine-turbine 
set? Ans. $38,268.00 per year. 

(p) In approximately how many months would the new installation pay 
for itself? Ans. 9 months (nearly). 

(q) What amount of money invested at 5 per cent. would yield this 
$41,083 per year? Ans. $765,000.00. 

Exercise 48. When one low pressure turbine is being supplied exhaust 
steam by several reciprocating engines, what precaution is necessary in 
starting up one of these engines? What detrimental effect is liable to 
occur? 

Exercise 49. (a) In what cases is it inadvisable to utilize exhaust steam 
for power generation in low pressure turbines ? 

(b) In an average steam engine plant what proportion of the exhaust 
steam is necessary for feed water heating, and what proportion is available 
for other uses? 

Exercise 50. Considering the arrangement shown in Fig. 181e, describe 
the effect on the various parts of that set according to the following pro- 
gressive steps when the load on the Direct Current line greatly increases. 

(a) How does this affect the speed of the engine? 

(b) How does the engine governor act, and with what result as to amount 
of steam admitted to the turbine? 

(c) How does this change in steam supply to the turbine affect its alter- 
nating-current output? 

(d) If the load on the A. C. line is such that no more current is neces- 
sary in that direction, how will the turbine-generator output be utilized? 

(e) In what way will the engine be assisted in handling the overload D. C. 
conditions referred to in item (a) of this question? 

Exercise 51. Considering the Fig. 181g describe the effect on the various 
parts of that set according to the following progressive steps when the 
load on the alternating-current line becomes less than normal. 

(a) How will the output from the turbine-generator be fully utilized if 
the A. C. line required less than the normal amount of current? 

(b) How will this act upon the load on the line shaft? 

(c) What effect will this have upon the engine effort ? 

(d) What will be the governor action and how will this action affect the 
supply of steam to the turbine? 

(e) How will this affect the turbine speed and its output ? 

(f) The synchronous motor now comes to what operating condition? 
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Exercise 52. (a) Draw free hand a reciprocating engine indicator dia- 
gram having the point of cut-off (b) about { stroke, release 14 pounds per 
square inch absolute, pressure in exhaust line to the low pressure turbine 
16 pounds per square inch absolute. 

(6) Extend the point of cut-off (a) at the same pressure so that cut-off 
will occur at 3 stroke. Let the expansion line run practically parallel to 
the expansion line of the preceding item, and let the pressure in the exhaust 
line to the low pressure turbine be 16 pounds per square inch as before. 

(c) Discuss the effect of this change in the diagram and its relation to 
the work it represents in a manner similar to the discussion on pages 316 
and 318. . 3 

Exercise 53. Draw free hand, and label, indicator diagrams with at- 
mospheric pressure line shown to represent the description taken up in 
the second paragraph of page 318 and extending on at the top of page 310, 
viz: 

(a) For an engine designed to operate both condensing and non-condens- 
ing. Sketch the indicator diagram to represent the engine operating con- 
densing, but with the pressure of the release point high enough to permit 
of a drop in pressure if the engine were to be changed to exhaust into the 
atmosphere. : 

(6) For the same engine when it is exhausting its steam to a low pressure 
turbine taking steam at about atmospheric pressure. 

(c) For the same engine exhausting to the low pressure turbine but 
with the cut-off occurring much earlier than in the preceding cases, thus 
admitting less steam to the engine cylinder with a consequent reduction 
of pressure at release. If the engine were to exhaust to the atmosphere a 
loop would occur in the indicator diagram, but since it exhausts into the 
intermediate receiving line to the turbine, the passage of steam will be 
from release pressure in the engine cylinder to a slightly lower pressure, 
and no looping of the indicator diagram will occur, because although the 
turbine was previously operating in item (b) at an inlet pressure about 
atmospheric, its inlet pressure now automatically drops to correspond to 
the smaller allowance of steam permitted by the earlier engine cut-off. 
In sketching this indicator diagram make clear the difference between this 
case (c) and case'(b) by reference to the atmospheric pressure line. 

Exercise 54. What is the essential difference between the methods used 
in the Westinghouse Parsons type of bleeder turbine and in the Curtis 
bleeder turbine, as to steam pressure control in the stage from which steam 
is extracted ? 

Exercise 55. Make a simple free hand sketch (using crosses for valves 
and omitting bearings and other parts irrelevant to the question) of the 
rotor, blading and steam passages of Fig. 185c and draw a continuous line 
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showing the path of the steam as it progresses from the inlet valve to the 
exhaust outlet. 

Exercise 56. Taking the following data from the last line of the 300 
horsepower De Laval Turbine table on page 362, and using the form of 
itemization on page 364, entitled “Thermal Efficiency of a 400-Kilowatt 
Turbine,” work out a similar form embodying in it the corresponding 
items for the 300 horsepower De Laval turbine above referred to. 

The data: — 


Brakevhorsepowers 92 =<. 2c.c.. cts see eae 252 BYP. 
Steam) pressure absolute: =... =. 45.-\45-e et 213 lbs. per sq. in. 
SUPER ME Abe: oo aintoe Wingin om Sas sae 84° F. 
WACUGMIR re ecole hen ee are 27.2 inches or 1.4 lbs. per sq. in. abs. 
Assume the mechanical efficiency of a corre- 

sponding reciprocating engine as........ 93.3% 
Total’steam used per hotira-.-..-..--.--- 4910 lbs. 


Exercise 57. (a) From the water rate curves of Fig. 191 determine 
the steam consumption per brake horsepower per hour for a 250-kilowatt 
load (4) and 28 inches vacuum. Determine the same for 250 kilowatts 
and 25 inches vacuum. What is the saving in steam consumption? 

(b) Determine similarly the saving when operating at full load and 
28 inches vacuum as against operation at full load and a 25 inches vacuum. 

(c) Upon noting the rating of the turbine, 500 kilowatts, what vacuum 
at full load condition will produce the.same steam consumption as that 
shown for 29 inches vacuum and } load? 

Exercise 58. In the preceding question a change in vacuum produced 
the greater effect, upon which load, the full rated load or the under rating 
load? 

Exercise 59. Why is it that if a steam turbine has a different steam con- 
sumption at the speed for which it is rated than that for which it was de- 
signed, a change in the blade angles, or a change in the pressure, is neces- 
sary in order to cause the rated steam consumption and corresponding 
rated speed to match, as was intended in the original design? 

Exercise 60. (a) How does the average of the equivalent steam con- 
sumption per brake horsepower per hour for the De Laval turbines (G) 
and (A) in the table on page 379 compare with the last two engines in the 
table on page 380? Reduce these last two engines to the same “ Equivalent 
Steam Consumption per brake horsepower per hour” as is stated in the 
tables on pages 379 and 380, using 94 per cent as the mechanical efficiency 
of the “Erie-Lentz” engine. In the case of the Buckeye compound the 
brake horsepower is 126.6. Use the corrections stated in the paragraph 
at the foot of page 380, except for the Erie-Lentz engine change in vacuum, 
in which case use .2 per cent. for each inch of vacuum change from o to 28 
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inches. How much difference exists and is it in favor of the engines or the 
turbines? 

Exercise 61. Determine from the curve of Fig. 193 the cost of a 4000 
kilowatt alternating current turbine-generator. From the “‘double dagger” 
foot note at bottom of page 385 take the higher cost per kilowatt for founda- 
tions of turbine-generators, and ascertain the cost of a foundation for this 
turbine. What is the cost per kilowatt of the turbine-generator installed 
on foundations, allowing 15 per cent. in addition to the costs already fig- 
ured for the labor and extra expenses of placing the machine and connecting 
it up? 

Exercise 62. Taking the figures of the various authorities quoted in 
the table of page 387 as to the depreciation of steam engines, what would 
you consider the average useful life of steam engines? On a basis of your 
decision, what per cent. of the original cost of the engine should be laid 
aside yearly at 5 per cent. compound interest in order to replace the old 
engine with a new one at the end of that period? The following formula 
may be used: 

(d) the amount to be laid aside yearly: — 


Ao IooTr 
(iat+r)*-1 
where, 
d = rate of depreciation in per cent. of first cost, or the amount to 
be laid aside yearly. 
ry = rate of interest, expressed in cents on a dollar. 
nm = the assumed life of the apparatus in years, 
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